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(i)
SUMMARY
Many strains of mice have relatively high background incidences 
of liver cell tumours which can be readily increased under various 
experimental conditions. In contrast, in rats the background incidence 
of liver tumours is negligible or very low. In the present study the 
role of various environmental factors in liver tumour development in 
mice was investigated. The susceptibility of liver cells, in a state 
of replication, to undergo neoplastic change following exposure to 
certain chemicals was investigated in mouse and rat. Liver cell 
ultrastructure and histochemical distribution of enzymes were also 
studied in an attempt to characterise mouse liver tumours.
Since exposure of mice to various chemicals, that cause 
induction of the microsomal enzymes, can result in increased 
incidences of liver cell tumours, the possible role of naturally 
occurring inducers in the laboratory rodent's environment, was investi­
gated. Liver microsomal enzyme induction followed exposure to con­
ventional diet and sawdust bedding, but was less pronounced than that 
caused by dieldrin, which was included as a positive control. Unlike 
dieldrin, microsomal enzyme inducers present in conventional diet 
and sawdust bedding did not increase the background liver tumour 
incidences. Liver tumour development, in some mice housed on filter- 
paper and fed semi-synthetic diet, indicated the presence of a 
pre-existing oncogenic factor.
Ultrastructural and histochemical observations revealed no 
specific characteristics that distinguished dieldrin exposed 
mouse liver tumour cells from non-tumour cells, control group mouse 
liver tumour cells or non-tumour cells.
(ii)
Dieldrin exposed mice surviving beyond 18 months showed 
higher incidences of hepatocellular carcinomata and lung metastases 
compared with mice killed before 18 months.
High incidences of liver cell tumours developed in 
aflatoxin B^-exposed, partially-hepatectomised mice in contrast to 
non-partially hepatectomised control or aflatoxin B^-exposed mice. 
Dieldrin exposure of partially hepatectomised mice was associated 
with earlier death due to liver tumours when compared with mice 
exposed to dieldrin but not subjected to partial hepatectomy. In 
contrast exposure of partially hepatectomised rats to dieldrin did 
not result in liver tumour development. It is concluded that 
partial hepatectomy followed by exposure to a microsomal enzyme 
inducer promotes the development of liver tumours in mice having 
pre-existing but unknown oncogenic factors involving the liver. It 
has also been shown that partial hepatectomy has a promoting action 
in mice exposed to an initiating carcinogenic chemical but no 
significant effect on the incidences of liver tumours in control 
group mice.
(iii)
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CHAPTER 1
An Investigation into Some Aspects of the Pathogenesis of 
Rodent Liver cell Neoplasms
INTRODUCTION
The liver is a common target organ for the toxic effects of 
many chemical agents. Pathological examination of the liver is 
therefore of great importance in toxicological investigations, 
particularly the carcinogenicity testing of chemicals using animal 
models. Such testing is mandatory for the evaluation of many 
chemical agents to which human and animal populations are exposed.
The rat and mouse are commonly used as experimental models in long- 
term toxicity and carcinogenicity testing because of their relatively 
short life-span, availability, convenient size and the wealth of 
background knowledge of their biology and pathology. However, the 
multiplicity of strains available, their variation in response to 
known chemical carcinogens and the influences of the sex of the 
rodent used, genetic make-up, environmental factors and the age when 
chemical exposure commences, may affect the response to hepatotoxic 
agents. These factors may cause difficulties in the interpretation of 
experimental data and extrapolation of the results to humans. Hence it
important to know as much as possible about the incidence and patho­
genesis of the background liver pathology of the species and strain 
used.
Pathological responses of the liver parenchyma to toxic 
chemicals include necrosis, hypertrophy, hyperplasia and neoplasia.
Necrosis involves death of cells and, if extensive and consistent 
with survival of the animal, may be followed by fibrosis and some­
times regenerative hyperplasia. The liver is unusual in that it 
can undergo regeneration following damage by toxic agents, or 
surgical removal of up to two-thirds of its mass (Higgins and 
Anderson 1931).
Hypertrophy involves an increase in cell size, usually with­
out changes in cell ploidy, so that there is a decrease in the ratio 
of nuclear volume to cellular volume. It usually results in an 
overall increase in liver size and weight. Golberg (1966) termed 
this effect ’hyperfunctional liver enlargement'.
Hyperplasia is an increase in DNA content of the liver due 
to increases in cell ploidy or cell numbers (Barka and Popper 1967), 
and may precede neoplasia, which is uncontrolled growth of new 
tissue, and can be benign or malignant. There is evidence that 
hypertrophy and hyperplasia of rodent liver, following exposure to 
chemicals such as dieldrin or butylated hydroxytoluene, are reversible 
when exposure ceases (Treon et al 1953; Ferrigan et al 1965; Gilbert 
and Golberg 1967).
It has been postulated that carcinogenesis is at least a 
two-step process involving both initiation and promotion. This was 
first demonstrated in skin, where it was shown that the development 
of cancer, after exposure to a carcinogen, could be augmented by 
exposure to a non-carcinogen, a co-carcinogenic agent (Berenblum 
1941).
Enhancement of the effect of carcinogens can occur if there 
is exposure to other agents, which in designed experiments ate. 
usually administered after the initiator, when they are designated 
promoters, or concurrently, when they are designated co-carcinogens,
so that the latent period for tumour induction is reduced or the 
tumour incidence is increased. These agents may alter the rate of 
metabolism or excretion of a chemical, may influence viral activity 
or may stimulate cell replication. Promoting action represents 
the completion of an inadequate carcinogenic process, involving 
the encouragement of ’dormant’ tumour cells (induced by prior 
initiating action) to develop into progressively growing tumours. 
Co-carcinogenic action applies to a situation where the carcino­
genic process is complete in itself, yet capable of being altered by 
a variety of other factors (Berenblum 1969, 1978).
The mechanism of action of promoters has been defined as gene 
activation or derepression. Gene activation may result in stimu­
lation of cell hyperplasia in the target tissue, although it should 
be noted that agents that stimulate cell hyperplasia are not always 
promoters (Boutwell 1974).
Although much of the work on the initiation and promotion 
processes has been based on skin experiments, these processes have 
also been shown experimentally to operate in other tissues e.g. liver 
(Armuth and Berenblum 1972; Peraino et al 1971), lungs (Witschi and 
Lock 1978; Armuth and Berenblum 1972), mammary tissue (Armuth and 
Berenblum 1974), colon (Narisawa et al 1974), urinary bladder (Hicks 
et al 1975) and cells grown in tissue culture (Mondal et al 1976).
It has been stated that 80 to 90% of all human cancers can 
be related to environmental factors such as smoking, alcohol, radiation, 
drugs and certain aspects of nutrition. Some of these factors may 
enhance the effect of low-dose or low potency carcinogens that by
themselves would not induce malignancies. In some instances the 
modifying factors can be readily identified and removed, thereby 
eliminating or reducing the incidence of certain cancers. Elimina­
tion of initiating agents is not usually possible and therefore effort 
should be directed towards removing the modifying factors from the 
population and environment. Cancer of particular sites e.g. the 
lung, breast, colon and upper alimentary tract, of humans has been 
associated with such modifying factors (Wynder et al 1978). Much 
interest is now being taken in the mechanism of action of these
agents and in their role in the pathogenesis of cancer.
Problems Related to the Use of Animal Models
In carrying out toxicological testing, one needs to choose a 
species that is demonstrably sensitive to known hepatotoxic and
hepatocarcinogenic agents. The mouse is regarded as such a species 
(Tomatis et al 1973; Environmental Protection Agency 1979). However, 
unlike rats, many strains of mice have a relatively high background 
incidence of liver tumours, especially in the second half of 
their lives e.g. up to 100% of male mice of the C3H sub-strains may 
develop liver cell tumours (Heston and Vlahakis 1961). This charac­
teristic of mouse liver can provide problems in the interpretation 
of data from lifetime studies, since a background incidence of liver 
cell tumours may be readily increased by exposure to some chemicals.
The exact aetiology of ’spontaneous’ liver tumours of the mouse
is obscure, but experimentally the incidence can be altered by varia­
tions in dietary composition and intake, housing, subjection to partial
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hepatectomy, and is dependent both on the sex and strain.
Gellatly (1975) also noted that C57B1 mice had a lower incidence 
of hepatic tumours in the presence of low-grade intercurrent 
disease such as amyloidosis, mite infestation or chronic degenera­
tive diseases associated with body-weight loss or reduced body- 
weight gains. Variations in dietary intake and composition have 
been shown to alter the incidences of liver tumours in mice.
Tannenbaum and Silverstone (1949a and b) showed that by increasing 
the percentage of dietary casein or by increasing food intake or 
caloric intake, the incidences of benign hepatoma were increased. 
Similarly increased body-weights due to increased food intakes, 
which in turn could be related to differences in stocking density, 
were also correlated with increased liver tumour incidences in mice 
(Peraino et al 1973 ; Roe 1975). Gellatily (1975) showed that 
the lipid level of mouse diet can be a major factor affecting the 
incidence of mouse liver nodules. Although there is no convincing 
evidence for viral induction of mouse liver tumours, the possible role 
°f viruses cannot be ruled out. It is likely that the causation of 
liver tumours in the mouse and other species, including man, is 
multifactorial and may involve one or more co-carcinogenic factors 
(Higginson and Svoboda, 1970; Berenblum 1969).
The incidence of liver tumours in mice can be readily 
increased by exposure to certain chemicals such as the microsomal 
enzyme inducers, dieldrin, a-benzene hexachloride, DDT and pheno- 
barbitone (Davis and Fitzhugh 1962; Walker et al 1973; Thorpe and 
Walker 1973; Tomatis et al 1972; Turusov et al 1973a; Ito et al 1973), 
which do not appear to have the same effect in other species. Thus
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difficulties have arisen in defining the risk, if any, of these 
chemicals for humans. Registration authorities have empirically 
related the variation in metabolism of chemicals and carcinogenic 
response in different strains and sexes of mice to inter-individual 
differences in the disposition of various drugs in the human body 
(Federal Register 1977). This unproven concept has served to 
strengthen their view that data based on findings in the mouse can 
be meaningfully extrapolated to humans.
The significance attributed to mouse liver tumour develop­
ment, following exposure to enzyme inducing chemicals, was highlighted 
when the registration and production of the pesticides aldrin and 
dieldrin were the subjects of an Environmental Protection Agency 
Cancellation hearing in 1973/4. This was followed by suspension of 
the production of these pesticides and cancellation of registrations 
for agricultural use. Following the testimonies
of many witnesses, Judge H. L. Perlman (Federal Register 1974) stated: 
"Given this lack of knowledge concerning mechanisms, I believe 
that a carcinogenic reaction in any species of test animal 
must be considered sufficient to describe the test compound 
as a carcinogen and so a threat to human health, I consider 
that a similar reaction in a second mammalian species is a 
confirmation of the carcinogenicity of the test agent but 
it is not necessary before a finding of carcinogenicity and 
threat to human health can be made; and negative results 
in a second or even third species of test animal do not 
in my mind establish that the test agent is not a threat 
for human beings. Given the variation in human suscepti­
bility to carcinogens, I believe it unreasonable to ignore 
a finding of carcinogenicity in any mammalian test species
when considering possible effects on human health."
The decision was made in spite of lack of evidence of carcino­
genicity for other species, and negative data collected for humans 
occupationally exposed to these pesticides (Jager 1970) and for 
patients treated with phenobarbitone (Clemmesen et al 1974), a drug 
which after long-term exposure of mice is associated with the develop­
ment of liver tumours. This decision was later followed by the banning 
of aldrin and dieldrin by the Council of the European Economic Community 
(1978) with certain exceptional applications. Other organochlorine 
pesticides, chlordane and heptachlor, have also been banned on the basis 
of the susceptibility of the mouse to liver cell tumours following 
exposure. The Food and Agriculture Organisation’s panel of experts on 
pesticide residues in food however expressed a different viewpoint at 
the 1977 meeting. They stated that aldrin and dieldrin had a species- 
specific effect on mouse liver and that there was no evidence of a 
carcinogenic effect for humans.
The mouse is regarded as a convenient second rodent species 
after the rat, for chronic toxicity and oncogenicity testing and so 
any experimental work which could help to elucidate the liver tumour 
susceptibility of this species, would be of great toxicological and 
economic importance, in the interpretation of data for extrapolation 
to humans.
Types of Response of the Rodent Liver to Chemicals
The hyperplastic response of the mouse liver to various microsomal 
enzyme-inducing chemicals differs from that of the rat, in which 
there is a hypertrophic response (Wright et al 1972), but no tumour 
development following administration of dieldrin, DDT or pheno­
barbitone (Deichmann et al 1970; Butler 1978; Walker et al 1969;
National Cancer Institute 1978). The differences in early response 
between the two species may partly account for the development of 
liver tumours in mice when exposed to these chemicals. The 
development of liver tumours in mice, after feeding microsomal enzyme- 
inducing chemicals, is preceded by zonal parenchymal cell enlarge­
ment with proliferation of smooth endoplasmic reticulum and by 
increased liver weight, but not by marked liver damage such as necrosis 
and subsequent fibrosis. The types of liver tumours observed after 
exposure to these chemicals are those recognised in control mice as 
background tumours i.e. of parenchymal-cell origin. Tumours of 
vascular or bile ductule epithelial origin,which are of rare 
spontaneous occurrence in all strains of mice,are not associated 
with exposure to these chemicals. Liver-cell tumours usually cause 
no serious reduction in life-span of the mice and there is no increase 
in tumours of other tissues. The diagnosis of some of the tumours 
as carcinomata has proved controversial, since A major criterion 
for the diagnosis of malignancy lies in the presence of local or 
distant invasion. Lack of this finding, in' some studies, has caused 
some workers to doubt this diagnosis. This difficulty in diagnosis 
may have been partly due to the termination of some studies before 
the end of the life-span of the mouse, as 18 months1 exposure was 
sometimes considered to be a life-time study for the mouse. However, 
a study of this length does not ensure that the liver tumours have 
the maximal opportunity for development to a stage where there is 
likely to be metastatic spread to the lings. Metastatic development 
is a late event (Vesselinovitch et al 1978). In addition, careful 
search of histological sections, sometimes of step-serial sections, 
from all lobes of the lungs, may need to be made in order to find
the small tumour cell metastases.
Distinction between the types of mouse liver nodules, 
based on their morphological characteristics, was first made by 
Tomatis et al (1972). Walker et al (1973) introduced the term 'a1 
nodules for non-invasive nodules composed of regular cords of 
parenchymal cells with moderate numbers of mitoses, that caused mild 
pressure on surrounding liver tissue, and fbf nodules for those 
with irregular cords of liver cells forming trabecular and acinar 
structures with many mitoses and sometimes with metastases to the 
lungs. There has been much debate on the origin of the ’b! nodules, 
whether they develop independently, or from fa’ nodules. The ability 
of the ’b’ nodule to survive and grow when transplanted into random- 
bred adult mice of the same strain gave further proof of their neo­
plastic nature (Thorpe and Walker 1973). Lack of success of trans­
plantation is no proof that a tumour is non-malignant as the trans­
plant may not be wholly representative of the tumour.
Gellatly (1975) divided mouse hepatic nodules into 3 types; type 1 
represented hyperplastic nodules, type 3 lesions were malignant 
neoplasms and type 2 lesions showed features which suggested a pro­
gression from type 1 but did not include unequivocal evidence of malig­
nant transformation. This classification was further supported by intra- 
renal transplantation studies of liver nodules from untreated C57B1 mice 
in which all of the type 3 nodules and some of the type 2 nodules 
grew in the recipient kidney while none of the type 1 nodules grew.
Unlike many strains of mice, the rat does not have a high 
background incidence of liver tumours and does not respond to the 
microsomal enzyme-inducing chemicals in the same way as the mouse,
but it is readily susceptible to many hepatocarcinogens e.g. nitros- 
amines, N-2-fluorenylacetamide, aflatoxin and p-dimethylamino- 
azobenzene. The type of response of the rat liver to a carcinogen 
may depend on the dosing regimen e.g. high doses of diethylnitros- 
amine may result in liver tissue damage such as necrosis and fibrosis 
followed by the development of hyperplastic nodules and hepatocellular 
carcinomata, whereas exposure to lower levels over longer periods 
gives rise to hepatocellular carcinomata without preceding liver 
cirrhosis (Druckrey, 1963; Steinhoff, 1975). Liver tumours induced 
by other carcinogens e.g. N-2-fluorenylacetamide may also develop 
in the absence of cirrhosis (Teebor and Seidman, 1970). Vascular 
tumours of the liver and tumours of bile-ductule epithelial origin 
are also seen in response to some carcinogens. Exposure to these 
carcinogens frequently results in shorter life-spans owing to the 
development of malignant liver tumours and frequently tumours in 
other organs.
Carcinogenesis of the rat liver can be potentiated by micro­
somal enzyme inducing chemicals. Peraino et al (1971) fed 2-acetyl- 
aminofluorene to rats followed by phenobarbital and observed a 
significantly increased incidence of liver tumours compared with 
administration of 2-acetylaminofluorene alone. Phenobarbital is 
known to produce a short-lived increase in DNA-synthesis and hepato- 
cyte proliferation (Argyris and Magnus 1968). Stimulation of mitosis 
by phenobarbital may thus potentiate the carcinogenic activity of 
2-acetylaminofluorene by facilitating the proliferation of cells that 
have undergone malignant change. The simultaneous administration of 
phenobarbital and the carcinogen reduced the hepatocarcinogenic
effect, probably due to the enhanced detoxification of 2-acetylamino- 
fluorene by phenobarbital (Peraino et al 1971).
The mouse responds in a similar way to the rat, to hepato- 
carcinogens such as the dialkylnitrosamines, benzidine and 4-dimethyl- 
aminoazobenzene, by developing tumours of liver cell, or endothelial 
cell origin (Takayama, 1975, Kyriazis et al; 1974; Terracini et al,
1976; Frith et al, 1979; Vesselinovitch et al, 1975). Unlike the 
response to the microsomal enzyme-inducing chemicals, exposure to 
the chemicals listed above may cause severe liver damage, tumours in 
other tissues as well as the liver, and a significant shortening of 
the life-span. Thus RF mice exposed to dimethylnitrosamine in 
drinking water with cumulative doses ranging from 87 - 243 mg/kg 
showed liver damage and a considerable shortening of life-span, 
associated with a high incidence of haemangiosarcomata (Clapp and 
Toya, 1970). Similarly, C3Hf/Dp mice injected intraperitoneally 
with a single dose of 50 yg/g N-methylnitrosourea at 21 or 70 days 
had a shorter life-span compared with controls and developed tumours 
in a variety of organs including liver, kidney, lung, ovary, intestine, 
uterus and orbital gland (Terracini et al, 1976).
The Effect of Chemicals on the Microsomal Enzymes and the 
Endoplasmic Reticulum of the Liver
Mice are particularly susceptible to liver tumours, following 
chronic exposure to many chemicals which induce the mixed-function 
oxidases of the liver. These inducing chemicals have some common features; 
they are lipid soluble, becoming localised in the endoplasmic reticulum of 
the liver and other tissues; they can cause smooth membrane proliferation
and are substrates of or become bound to the microsomal drug metabo­
lising enzymes. These enzymes are a complex of mono-oxygenases, 
mediated by the terminal oxygenase, cytochrome P-450 and require 
NADPH and molecular oxygen. They carry out aromatic ring oxidation, 
aliphatic hydroxylation, oxidative demethylation and N-hydroxylation 
of a variety of organic compounds. Relatively high levels of mixed-function 
oxidases are normally present in the liver and certain other tissues 
such as the gastro-intestinal tract, kidneys, lungs, skin and gonads, 
all of which are common sites of primary malignant tumours.
Responsiveness to the induction of microsomal enzymes is 
under genetic control in mice (Nebert et al, 1975). Nebert and Felton, 
(1975) have shown that aryl hydrocarbon hydroxylase inducible strains 
of mice are more susceptible to carcinogenesis by polycyclic hydro­
carbons than mice of non-inducible strains. The degree of aryl 
hydrocarbon hydroxylase induction is also dependent on the sex of 
the mice (Watenabe and Konno, 1975).
The biological role of the mixed-function oxidases is the detoxifi­
cation of foreign compounds. Hydroxylation increases the polarity of 
lipid soluble compounds, thus facilitating their excretion. However, 
some of the intermediates formed may be carcinogens which may react 
with cellular DNA. In contrast to drugs such as phenobarbitone, the 
carcinogens such as the polycyclic aromatic hydrocarbons, benzofa^pyrene 
and 3-methylcholanthrene, are slow inducers of microsomal enzymes and 
yield P-448 instead of P-450.
When rat liver is exposed to a microsomal enzyme inducing 
agent e.g. phenobarbital, the rate of protein synthesis by the membrane- 
bound polyribosomes is increased while that of the free polyribosomes 
is unchanged (Ragnotti and Aletti 1975). In contrast many carcinogens
administered in vivo, cause degranulation of the rough endoplasmic 
reticulum in which there is detachment of the ribosomes from the endo­
plasmic reticulum and increased synthesis of proteins for intracellular 
use (Delaunay and Schapira 1974).
Degranulation may result in a disturbance of the synthesis 
of proteins, which play a vital role in the function and economy of 
the cell. It has been shown that glycoprotein synthesis is altered 
during malignant transformation and that changes in the glycoprotein 
of the cell surface are associated with many of the characteristics 
of malignant cells, such as loss of adhesiveness, accelerated cell 
division and altered antigenicity (Warren et al 1974).
Many halogenated compounds including carbon tetrachloride, 
chloroform and halothane form ligand complexes with cytochrome P-450, 
resulting in it1 s conversion to cytochrome P-448 with loss of normal 
mixed-function oxygenase activity. Formation of this complex may 
also be associated with damage to the endoplasmic reticulum and 
impairment of protein and glycoprotein synthesis and may be associated 
with neoplastic change.
I t  has been postulated that since not all mutagens are carcino­
gens, cellular damage in addition to DNA alkylation, may be necessary 
for carcinogenesis to proceed (Parke 1979). Degranulation of the 
endoplasmic reticulum resulting in a switch over of the economy of 
the cell from one of synthesis of proteins for export, to one of 
protein synthesis for intracellular use, could conceivably result in 
cell growth and mitosis. Damage to other cell components, apart from 
the endoplasmic reticulum, such as lysosomes,,. mitochondria and plasma 
membranes could also play a role in the promoting stage of the 
carcinogenic process.
The Role of Liver Cell Replication in Rodent Liver-cell Neoplasia
(a) The effects of chemical exposure on the livers of neonates
Exposure of neonates to certain chemicals can result in a 
greater incidence of liver tumours, compared with the incidences found 
when the same doses are given to adults. Terracini et al (1976) 
reported a higher incidence of liver tumours following injection of 
one-day old mice with 50 yg N-methylnitrosourea/g, compared with mice 
injected at 21 or 70 days of age. Single subcutaneous injections of 
1 mg urethane/g body weight to 1 or 5 day old randomly-bred Swiss 
mice also resulted in a higher incidence of liver tumours than in 
20 or 40 day old mice injected with the same dose (Chieco-Bianchi 
et al 1963). Experience gained from treatment of the neonatal or 
infant mouse with a carcinogen suggests that exposure at an early 
age enhances the development of the liver tumours. Impaired or slow 
detoxification of chemicals in the neonate may account for the 
increased susceptibility at this time e.g. metabolism of urethane 
is slower in the neonate compared with the adult mouse (Mirvish et al 
1964). In addition the high levels of replication in the neonatal liver 
may allow any changes in the genetic component of the cell to become 
permanent before repair has been effected.
The type of tumour produced may depend on the age when 
exposure takes place, e.g. exposure of randomly-bred Swiss mice to 
dimethylnitrosamine after birth or at 7 days results in liver cell 
and lung tumours, whereas when given to adults, vascular tumours of 
the liver and renal adenomata develop (Terracini et al 1966). Again this 
may be due to the different metabolic capabilities of mice of different
ages. It has also been demonstrated that a single exposure of some 
chemicals e.g. dimethylnitrosamine, diethylnitrosamine or N-methyl- 
nitrosourea for neonatal or infant mice may result in liver tumours, 
whereas repeated exposures may be required to show a significant 
increase in the incidence of tumours in adults (Toth et al, 1964; 
Terracini et al, 1976; Terracini and Magee, 1964). For some 
chemicals even repeated exposures of the adult mouse may not result 
in a significant increase in the incidence of liver cell tumours, 
whereas a single exposure of the neonate may result in tumours e.g. 
the neonatal mouse is reported to be susceptible to the effects of 
aflatoxin (Vesselinovitch et al 1972) whereas the adult mouse is 
relatively insensitive (Newberne 1965) .
The reviews published by Toth (1968) and Della Porta (1968) 
illustrate the greater susceptibility of neonatal mice to liver cell 
tumour induction compared with neonatal rats. This may be related 
to the background incidence of liver tumours in mice and the way in 
which chemicals may enhance tumour development. The factors respon­
sible for the background susceptibility to these tumours in mice are
presumably present at an early age and may be of genetic, viral or 
environmental origin, but the high level of cell replication in the 
neonatal liver may be an important additional factor.
(b) The role of replication following partial hepatectomy in 
rodent liver neoplasia
The role of liver cell replication in the adult liver, after 
partial hepatectomy, should be considered in the same context as the 
neonatal liver. Replicating cells may be killed or altered by
chemicals e.g. some chemicals may interact with, and bind covalently 
to important macromolecules, such as protein, RNA and DNA (Miller 
and Miller 1974). This may result in an alteration in a cell which 
if subjected to the stimulus of replication, before repair has taken 
place, may result in a permanent inheritable change (Lawley 1976). 
These events may be relevant in the initiation of cancer of the liver.
Surgical removal of two-thirds of the rat liver is followed 
by hyperplasia of the remainder, so that the liver mass is restored 
in 2 weeks. This phenomenon has been used to specifically investigate 
the carcinogenic potential of chemicals. Exposure of rodent liver 
to chemicals after partial hepatectomy has been reported to shorten 
the latent period for liver cell cancer induction (Laws, 1959), to 
increase the incidence of liver cell tumours (Pound and McGuire, 
1978a), to reduce the dose of chemical needed to induce neoplasia 
(Craddock, 1971; Tsuda et al, 1979) and to lead to the induction of 
liver cell tumours when' the chemical is not usually associated with 
tumour induction in the intact liver (Maini and Stich, 1962; Marquardt 
et al, 1970; Warwick, 1967; Craddock and Frei, 1974).
Human liver-cell cancer
The susceptibility of the replicating liver to neoplasia may 
have implications for the human liver, subjected to restorative 
hyperplasia, following damage by various physical or chemical agents, 
such as X-irradiation, alcohol, viruses, drugs and other chemicals 
and naturally occurring toxins such as aflatoxin . Proliferation 
following damage of liver cells may play a promoting role in the 
pathogenesis of liver cell cancer. Human liver cell cancer has the 
highest incidences in areas of the world such as Southern Africa and
the Far East (Anthony 1976). Viral hepatitis infections and the 
ingestion of foodstuffs contaminated with mycotoxins, such as the 
aflatoxins, are common in these areas. It is conceivable that 
hepatitis virus and aflatoxins or other agents may be involved in 
the pathogenesis of primary liver cell cancer of man. Hepatitis 
virus acquired early in life may cause a chronic low-grade 
hepatitis and in the presence of repeated exposure to environmental 
carcinogens such as aflatoxins, may give rise to primary liver cell 
tumours. Experimentally it has been shown that marmosets with 
low-grade hepatitis are more prone than non-infected marmosets to 
develop liver cell tumours when exposed to aflatoxin (Lin et al,
1974).
In the West, primary liver cell cancer is relatively rare 
and is usually associated with pre-existing liver cirrhosis e.g. in 
alcoholics. The predisposition of the human cirrhotic liver to 
develop carcinomata is paralleled in the rat when exposure to 
irradiation (Oehlert, 1978), or high levels of selenium (Nelson 
et al 1943) or nitrosamines (Druckrey et al, 1964) can result in 
cirrhosis followed by liver cell tumour development.
The Role of Environmental Factors in the Pathogenesis of 
Rodent Liver Cell Carcinogenesis
It has been reported that the background incidence of tumours 
in laboratory animals can be altered by environmental factors, related 
to diet or exposure to different types of bedding (Schoental, 1974). 
Low levels of xenobiotic contaminants may be present in animal diets 
which could cause an increase in risk for developing tumours. These
chemicals include mycotoxins such as aflatoxin and nitrosamines. 
Aflatoxin may be formed by food-spoilage fungi, Aspergillus flavus 
and parasiticus. Very low levels of these toxins are associated with 
liver carcinogenesis e.g. 1 ppm dietary aflatoxin B^  fed to Porton 
rats for 20 weeks resulted in a high incidence of liver tumours 
(Butler, 1969).
Foods containing high levels of nitrates or nitrites, in'the 
presence of nitrosatable substrates in the alimentary tract such as 
amines and amides, may result in dialkyInitrosamine or alkylnitros- 
amide formation. These could provide a potential risk of cancer for 
man as has been demonstrated for the rat and mouse liver (Clapp 
et al, 1970; Druckrey et al, 1964). Foods of both man and animals, 
which may contain high levels of nitrites include preserved meat, 
and laboratory animal diets that contain fishmeal or grass meal 
(Shank and Newberne 1976).
The presence of naturally occurring microsomal enzyme inducers 
e.g. in cruciferae plants (Loub et al, 1975) in laboratory animal 
feed could affect species such as mice which have been shown to be 
susceptible to such inducers. Animal bedding may also be a source of 
chemical exposure for laboratory rodents. Soft wood bedding has been 
shown to contain naturally occurring microsomal enzyme inducers 
(Ferguson, 1966 and Vessell, 1967). Rat pup mortality has been 
attributed to the use of cedar wood shavings as bedding (Burkhart 
and Robinson, 1978). Bedding may also be contaminated with chemicals 
such as dieldrin or DDT.
Appendix to Chapter 1 
Critical Discussion of Rat and Mouse Liver Nodules
Detailed pathological evaluation of rat and mouse liver nodules can be critical to the screening of chemicals for
carcinogenic potential. Thus a chemical capable of causing liver-cell hyperplasia would probably be permitted for use, 
whereas one causing frank neoplasia could be banned. There has been protracted controversy over the terminology used 
for rat and mouse liver nodules owing to some disagreement over the nature of these lesions. (Rossi et al 1977, Butler 
1978, Butler and Jones 1978). Proof of neoplasia ultimately lies in evidence of local or distant invasion. Lack of 
this proof has caused difficulties in the interpretation of data of some reported studies (Butler and Jones 1978). 
Transplantability of liver lesions has also been used as evidence of neoplasia, although demonstration of this does not
provide absolute indication of malignancy (Edwards et al 1942). Recently a biochemical investigation has been shown to
provide a possible, additional means of distinguishing between malignant and pre-malignant stages of liver cell tumours.
Thus significant elevation of serum a-Foetoprotein in 2-acetyl aminofluorene or chlordane-exposed C57BL/6N mice has been
correlated with the presence of hepatocellular carcinoma; consistent elevations were not recorded in mice with liver-cell
nodules (Becker and Sell 1979).
The marked susceptibility of the mouse to develop liver-cell nodules following exposure to certain non-genotoxic 
chemicals, not carcinogenic for the rat, such as the organochlorine pesticides and phenobarbitone, has contributed to the 
controversy over their histopathological diagnosis and hence to confusion in the terminology used. Mouse liver nodules 
have been referred to as hepatomas, hyperplastic nodules, type a and b nodules, type 1, 2 and 3 nodules, hepatocellular 
adenomata and carcinomata.
The term hepatoma is not recommended for rodent liver (International Agency for Research into Cancer, 1971). It 
is used for hepatocellular carcinomata of man and is imprecise when used to describe mouse lesions, giving no indication of 
their biological behaviour. The term hepatoma has frequently been used to describe mouse liver-cell tumours for which 
there has been little or no evidence of metastases (Innes et al 1969, Davis and Fitzhugh 1962, Turusov et al 1963).
Tomatis et al (1972) distinguished two types of nodular growths in CFl mice exposed to DDT, based on morphology, but did 
not relate these to the presence of lung metastases. Walker et al (1973) and Thorpe and Walker (1973) classified the 
nodules on the basis of morphology as type a and b. Type a was associated with no evidence of local or distant invasion,
°r transplantability to support a diagnosis of neoplasia, and therefore was regarded as a hyperplastic nodule. Type b 
lesion was regarded unequivocally as a neoplasm on the basis of metastases to the lungs and the ability to grow when 
transplanted.
Gellatly (1975) classified mouse liver nodules into types 1, 2 and 3, which broadly agreed with the classification 
of Walker et al (1973) and Thorpe and Walker (1973). Type 3 was regarded as being equivalent to type b i.e. hepatocellular 
carcinomata, but type a was further subdivided into types 1 and 2. Type 1 included foci of hypertrophy and nodular 
hyperplasia. Type 2 showed features suggestive of a progression from type 2 to type 3 but without unequivocal evidence 
of malignancy. Transplantation studies further supported this classification.
Reuber (1971) referred to spontaneous liver lesions or those developing after chemical exposure, as nodules
of hyperplasia if non-transplantable and as carcinomata if transplantable. Reuber and Ward (1979) referred to lesions 
developing after exposure to chlordane in C57B1/6N x C3H/HeNFi mice as either carcinomata or neoplastic nodules, the
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latter also being referred to as hepatocellular adenomata.
Ward and Vlahakis (1978) recommended use of the term adenoma for nodules of well differentiated cells of benign 
appearance undergoing progressive growth, although their future development could not be predicted. Vesselinovitch 
et al (1978) distinguished between hyperplastic, adenomatous and trabecular lesions based on morphological observations.
The trabecular lesions were correlated with a 51% incidence of pulmonary metastases in chemically-exposed C57B1 x C3HF^ 
mice, surviving for more than 81 weeks.
There is good evidence for the progressive development of hyperplastic lesions of. mouse liver cells to neoplastic 
lesions, based on the results of long-term carcinogenicity studies and control data of mouse colonies (Ito et al 1976,
Ward and Vlahakis 1978). However not all chemicals cause benign lesions to progress to malignant tumours and benign 
lesions can apparently regress. Thus Gellatly (1975) demonstrated that certain food additives in the diet of Colworth 
C57B1 mice caused increases in the numbers of hyperplastic but not neoplastic lesions. Leduc and Wilson (1959) and 
Ito'et al (1976) showed that hyperplastic nodules that developed after exposure to carbon tetrachloride or a-benzene 
hexachloride were reversible on cessation of exposure.
In this thesis the term hepatocellular adenoma will be used to identify the lesions of mouse liver-cells similar 
to those referred to as type a (Walker et al 1973, and Thorpe and Walker 1973), type 2 (Gellatly 1975), nodules of 
hyperplasia (Reuber 1971), neoplastic nodules or adenomata (Reuber and Ward 1979), adenomata (Ward and Vlahakis
1978) and hyperplastic adenomatous lesions (Vesselinovitch et al 1978).
The term focus of enlarged parenchymal cells will also be used to describe foci usually up to 1 lobule in size. 
These correspond to type 1 (Gellatly 1975).
The term hepatocellular carcinomata will be used to define lesions that correspond to type b (Walker et al 1973, 
and Thorpe and Walker 1973), type 3 (Gellatly 1975), carcinomata (Reuber 1971, Reuber and Ward 1979, Ward and
Vlahakis 1978) and trabecular lesions (Vesselinovitch et al 1978).
The development of liver-cell neoplasia in rats is well documented and there is also good evidence for the 
progressive development of nodular lesions to malignant lesions following exposure to carcinogens (Opie 1944, Stewart and 
Snell 1957, Magee and Barnes 1956, Reuber and Firminger 1963, Teebor and Becker 1971). Consequently there has been less 
controversy over the terminology of rat liver-cell nodules compared with that relating to the mouse. However in recent 
years there have been reports of nodules in rat liver following exposure to some non-genotoxic chemicals^such as 
organochlorine pesticides.and phenobarbitoneyknown to be carcinogenic for the mouse liver. Thus Rossi et al (1977) 
reported that the long-term administration ofDDT or phenobarbital sodium to Wistar rats resulted in liver-cell .tumours. 
These were observed as small nodular growths which did not invade the surrounding parenchyma or metastasise. They were 
present in old rats in which liver-cell necrosis and fatty degeneration were common. Thus it is possible that these 
lesions arose as regenerative nodules, in the presence of prolonged liver damage, a pathological response which is well 
documented (Edwards and Dalton 1943, Della Porta et al 1961 and Reuber and Glover 1968). Butler (1978) reported 
nodular hyperplasia in rats exposed to phenobarbitone—sodium and it is likely that similar lesions, referred to-as nodular 
adenomatoid hyperplasia, were also observed in rats exposed to DDT (Fitzhugh and Nelson 1947). No evidence of metastases 
has ever been recorded for lesions developing in rats after exposure to these compounds. Although hyperplastic nodules .
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can be precursors of rat liver-cell carcinomata, these nodules may however not develop beyond this stage, or even can 
regress (Teebor and Becker 1971). Nodular lesions have also been observed in rat liver not subjected to chemical treat­
ment e.g. after surgical portocaval shunt (Weinbren 1978), after feeding choline-deficient diet (Newberne et al 1966) and 
in the livers of untreated rats.
The term neoplastic nodule was recommended by the National Cancer Institute of the U.S.A. (Squire and Levitt 1975)
to describe liver-cell nodules of the rat on the basis that they are proliferative lesions and indicate an increased
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probability of progression to carcinomata. This term would appear to be inappropriate and a misnomer for lesions, some 
of which do not progress beyond the hyperplastic stage. In this thesis therefore, the term hyperplastic nodule will be 
used, in preference to neoplastic nodule, to describe areas of variable cellular characteristics, but with little or no 
cellular dysplasia, with increased mitotic activity, loss of normal lobular architecture and clearly demarcated from the 
surrounding parenchyma.
Although hyperplastic and frank carcinomatous lesions may be easily distinguished morphologically, the benign 
liver-cell tumour is usually not documented as a separate lesion for the rat. Thus hyperplastic nodules and benign liver­
cell tumours may be regarded as the same lesions. As already discussed the term neoplastic nodule has been introduced
(Squire and Levitt 1975) and by definition presumably indicates benign neoplasia. Benign tumours referred to as .both
adenoma and regenerative nodules, were reported to develop after chronic feeding of 98% norethindrone acetate and 2% 
ethynylestradiol to Sprague-Dawley rats. The lesions developed after a long latent period and no metastases were observed
(Schardein et al 1970). The term benign hepatoma was used with some reservations, by Schauer and Kunz (1976) who con­
tributed the section on tumours of the liver of the rat in the International Agency for Research on Cancer scientific
publication. They defined this lesion on the basis of nuclear and cytoplasmic characteristics but did not give a specific
example. The term hyperplastic nodule was not used by them.
The National Cancer Institute (Squire and Levitt 1975) recommended use of the terms foci of cellular alteration, 
based on morphological characteristics, to describe lesions, usually less than one lobule in diameter, of variable 
cellular characteristics, with no loss of normal lobular architecture and showing continuity with the liver cords of the 
surrounding parenchyma. Some of these foci may correspond to the foci observed after carcinogen exposure, and which have 
been regarded as pre-neoplastic lesions (Farber 1973). They have been characterised histochemically by starvation- 
resistant glycogen storage (Bannasch 1968) and reduced adenosine triphosphatase and glucose-6-phosphatase activities 
(Scherer et al 1972). However it should be noted, as with hyperplastic nodules, such lesions can be present in livers of 
control group rats and in chemically treated rats, and may undergo no further progression.
Both Squire and Levitt (1975) and Schauer and Kunz (1976) classified carcinomata according to the degree of 
differentiation or the presence of glandular/papillary type of morphology. Schauer and Kunz (1976) also recognised 
anaplastic carcinoma.
In this thesis the terms used for rat nodular lesions comprise foci of altered cellularity and hyperplastic nodule, 
the latter in preference to neoplastic nodule or benign hepatoma, as hyperplastic nodules include lesions that may or may 
not progress to neoplasia. Large invasive lesions with variable degrees of differentiation, but showing trabecular,
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acinar, pseudoglandular structures or anaplasia will be termed carcinomata, but will be qualified by reference to the
morphological characteristics. A comparison of the terminology used for each type of lesion with that of the published ,
literature is given in the appended table.
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The Objectives of the Study
The purpose of this study was to investigate some aspects 
of the pathogenesis of liver-cell tumours of the rat and mouse, two 
species which are used in the carcinogenicity testing of chemicals, 
for the provision of data for submission to various regulatory 
authorities. One of these species, the mouse, has an appreciable 
background incidence of liver tumours and the other, the rat, has 
a negligible incidence. In particular,attention was paid to factors 
that may play a promoting role in the pathogenesis of liver cell 
neoplasia.
The aspects investigated included the influence of diets 
and bedding, known to contain microsomal enzyme inducers, on the 
liver tumour incidence of mice, some of which were also exposed to 
a potent microsomal enzyme inducer, dieldrin. Exposure to these 
various factors commenced in utero so that the development of liver 
tumours could be compared with that in other studies, where rodents 
were first exposed as young adults. The ultrastructure of liver 
parenchymal cells, of both control and dieldrin-exposed mice, was 
also investigated, in particular, the endoplasmic reticulum, which 
could indicate neoplastic change. A further aspect investigated 
was the response of rat and mouse liver, stimulated to undergo 
replication after partial hepatectomy, to dieldrin, or other chemicals 
such as N-methylnitrosourea, diethylnitrosamine or aflatoxin B^ .
CHAPTER 2
An Investigation into the Effects of Microsomal Enzyme Inducers,
Present as Environmental Factors in Rodent Diet and Bedding, 
on the Liver Tumour Incidences of CFl Mice, using 
Dieldrin, a Potent Microsomal Enzyme Inducing 
Chemical as a Positive Control
Unlike rats, many strains of mice have a relatively high 
incidence of liver cell tumours, especially towards the end of their 
life-span. Various factors have been implicated in the aetiology of 
the spontaneous liver tumours of the mouse and the way in which the 
incidence can be altered experimentally.
A better understanding of the factors involved in the aetiology and 
of certain aspects of the pathogenesis of these tumours is important 
in the interpretation of data of experimental carcinogenicity studies 
conducted in the mouse. The factors involved include strain, sex, 
dietary composition and contamination with toxicants, bedding and the 
presence of intercurrent disease. Various studies have shown that neo­
nates can be more susceptible to the induction of liver cell tumours 
than older animals (Della Porta, 1968; Terracini et al, 1976;
Vesselinovitch et al, 1972).
Exposure to certain lipophilic chemicals, which are microsomal 
enzyme inducing agents, such as dieldrin, DDT, a, 8 and y-hexachloro- 
cyclohexane and phenobarbitone, cause an increase in the incidence of 
mouse liver tumours (Thorpe and Walker, 1973; Walker et al, 1973; Davis 
and Fitzhugh, 1962; Tomatis et al, 1972; Turusov et al, 1973a; Benitz 
et al, 1977; Ito et al, 1973). It is also possible that microsomal
enzyme inducers present in animal diets and bedding materials, could 
increase the incidence of liver tumours in mice (Sabine et,al, 1973). 
These inducers may occur naturally in certain plants e.g. Cruciferae, 
which can be present in rodent diets and have been shown to induce 
aryl hydrocarbon hydroxylase of the liver, small intestines and 
lungs in mice and rats (Loub et al, 1975). Certain bedding materials 
such as cedarwood shavings also contain substances with microsomal 
enzyme inducing properties. Schoental (1974) has drawn attention to 
Podophyllotoxin and other lignins found in Juniper species which 
have been suspected of being carcinogenic in mice and which there- - 
fore could be a hazard to rodents housed on these materials. Wood 
preservatives such as pentachlorophenol can be present as con­
taminants in wood shavings used for animal bedding. This chemical 
has been shown to cause membrane proliferation in liver cells of 
exposed rats and various contaminants present in the technical 
grade material have been shown to cause liver damage (Kimbrough and 
Linder, 1978).
Low levels of contaminants in rodent diets, either naturally 
occurring or as xenobiotes may present a risk to the animals fed 
these diets. These contaminants include mycotoxins, such as aflatoxin 
which is highly carcinogenic for rats and neonatal mice (Butler, 
1969; Vesselinovitch et al, 1972) and oestrogens e.g. zearalenone which 
is produced by common fungi, can also be present in diets. Such 
hormones could have carcinogenic or tumour promoting effects in animals 
exposed to the contaminated diet (Schoental, 1974). High levels of 
nitrates or nitrites in water or rodent diets, such as those containing 
fish-meal or grass-meal, may in the presence of nitrosatable substrates
in the alimentary tract, form carcinogenic nitroso-compounds (Shank 
and Newberne, 1976). Microsomal enzyme inducers such as the organo- 
chlorine pesticides, DDT, dieldrin or a, 6 or y-benzene hexachloride 
may also be present as dietary or bedding contaminants and can readily 
affect animals exposed to them (Jones, 1977; Burkhart and Robinson,
1978).
There is little evidence that all the effects of microsomal enzyme 
inducing chemicals in mice are similar in other species, including 
man (Walker et al, 1969; Rossi et al, 1977; Cabral et al, 1979; Jager, 
1970; Versteeg and Jager, 1973; Laws et al, 1967, 1973; Clemmesen 
et al, 1974). The susceptibility of the mouse to hepatic neoplasia 
has caused speculation that inducers in the environment may be 
responsible for the liver tumours occurring in many strains of mice 
or could facilitate the expression of a pre-existing factor that is 
responsible. This has led to the present investigation in which the 
use of two different diets, conventional and semi-synthetic, and 
two different beddings, sawdust and filter-paper, have been investi­
gated in the CFl strain of mouse, known to have a background 
incidence of liver tumours, which increase after exposure to potent 
microsomal enzyme inducers. It was decided to include dieldrin, 
a microsomal enzyme inducing compound, as a positive control, and 
to compare the effects of microsomal enzyme inducers in the diet 
and bedding, with the effects of dieldrin, a potent inducer.
Since the age at which chemical exposure commences and the length 
of exposure can affect both the susceptibility and the latent 
period for tumour development, exposure to the various factors 
commenced in utero.
EXPERIMENTAL METHODS
Chemical
Technical quality dieldrin contained >99% of the pure com­
pound , 1,8,9,10,11,ll-hexachloro-4,5-exo-epoxy-2,3-7,6-endo-2,1-7,8-
3 6 2exo-tetracyclo[6.2.1.1 ’ 0 ,7]dodec-9-ene and was supplied by 
Analytical Chemistry Division of Shell Biosciences Laboratory.
Animals
The mice were male Carworth Farm No. 1 (CFl) strain, bred 
and maintained under conventional conditions at Shell Toxicology 
Laboratory. The mice were housed in polypropylene cages, supplied 
by North Kent Plastic Cages Ltd., Dartford, Kent.
Diet
The diets were either semi-synthetic diet compounded in 
this laboratory or conventional diet LAD 2, supplied by Spillers 
Spratts Ltd., U.K. They were fed ad libitum.
The respective compositions are given in Appendix I. Batches 
of the LAD 2 diet were routinely analysed for the present of B^, B2, 
G-^ and aflatoxins by the British Food Manufacturing Industries 
Research Association, Leatherhead, Surrey, U.K. The results were 
negative.
Bedding
Sawdust was supplied by Usher Ltd., Kent, U.K. and was 
derived mainly from Douglas Fir (Pseudotsuga spp) grown in 
Scandinavian countries. Samples taken at intervals were analysed 
(by GLC with electron capture detection) for common chemicals and 
pesticides used in wood preservation. Pentachlorophenol was the
main contaminant in this type of bedding and present in concentra­
tions ranging between 0 and 100 yg/g sawdust. The concentrations 
of dieldrin, PCB, y-HCH, 3”HCH, endrin, pp’DDE, pp’DDD and pp’DDT 
were less than 0.1 yg/g.
The shredded Whatman No. 1 filter-paper was supplied by 
Scientific Furnishings Ltd., Chichester, Sussex, U.K.
Experimental Procedure
The experiment consisted of 8 different treatment groups. 
The mice were bred and reared on the treatments to ensure con­
tinuous exposure during both pre and post-natal periods. Each week 
over a 6 week period, 32 eight-weeks old virgin female CFl mice 
were randomly allocated to eight different treatments so that there 
were 4 female mice per treatment group. The females were housed 
individually. Two weeks after allocation to treatment, a randomly- 
chosen male CFl mouse of the same age was assigned to each female. 
The males remained with the females until the presence of vaginal 
plugs indicated that the females had been mated. Individual 
females and their offspring were maintained on the specific pre­
mating treatments during gestation and pre-weaning phases. After 
weaning, all male offspring were maintained on the same treatment 
as the female parents. Males from the same treatment group and 
of the same age were housed together (up to 5 mice per cage).
Parent females and female offspring were discarded. The treat­
ment groups are given in Table 1.
Pathological Procedures
Some mice from all groups were removed from the study and 
necropsied after 8, 28, 52 weeks and between 68 and 72 weeks.
Table 1 - Treatment Group Sizes after Weaning
Group Diet Bedding
Dieldrin 
(ppm in 
diet)
No. of 
male mice
1 Semi-synthetic Filter-paper 0 85
2 n n Sawdust 0 60
3 i n Filter-paper 10 79
4 i n Sawdust 10 47
5 Conventional Filter-paper 0 93
6 n Sawdust 0 113
7 ii Filter-paper 10 100
8 it Sawdust 10 64
Between 90 and 92 weeks some mice from the control groups 
were necropsied. After 86 weeks 14 mice of group 7 were placed 
on control diet for the remainder of their life-span for bio­
chemical investigations of the tumour tissue after cessation of 
dieldrin exposure. Ten mice of group 7 were killed at 86 weeks 
as a comparison for the mice placed on the control diet. Nine 
mice from group 7 were maintained on the dieldrin diet until 
they died or became moribund when they were killed. All re­
maining mice from the other groups were allowed to survive until 
the end of their life-span or were killed when moribund. All 
were necropsied. Before necropsy, live mice were weighed and 
then killed by intraperitoneal sodium pentobarbitone injection 
and liver weights were recorded. The organs of all mice were 
examined grossly and livers and lungs were fixed in 4% neutral 
formalin and processed for paraffin sections. Five ym sections 
were stained with haematoxylin and eosin and were examined micro­
scopically.
After 52 weeks one or two mice from each treatment group were 
killed and the livers were fixed in situ by perfusion through the 
portal vein with 2.5% glutaraldehyde in phosphate buffer, so that 
ultrastructural examination could be made. The ultrastructural 
findings are reported in Chapter 3. Liver and lung blocks for 
paraffin sections were post-fixed in 10% formalin.
Small groups of mice were also removed from the study at 
15, 52, 68-72 and 92 weeks for biochemical studies of the liver, 
by a colleague, Dr. H. Tennekes; Liver microsomal enzyme activity 
as determined by £-nitroanisole Oydemethylase activity (Netter 
and Seidel, 1964), total liver protein (Lowry et al, 1951) and 
total liver DNA (Burton, 1956) were estimated.
RESULTS
Survival
Dieldrin-treated parent females showed signs of hyper­
irritability which resulted in some litter destruction. The size 
of some dieldrin groups was therefore smaller than the controls 
at weaning (Table 1).
Figure 1 shows the reduced survival of the dieldrin groups 
during the study compared with the controls. Survival at 65 weeks 
was greater than 80% in all groups even though a large proportion 
of dieldrin exposed mice had large liver tumours at this stage.
Fifty percent of the mice receiving 10 ppm dieldrin had died 
by week 86 whilst 50% had died at 94 weeks in the non-dieldrin 
groups. Approximately 10% of the dieldrin exposed mice survived 100 
weeks whereas 40% of the non-dieldrin mice survived at this time.
The statistical method used is given in Appendix 2.
Body and liver weights
Throughout the study mice fed conventional diet often showed 
higher body weights compared with those fed semi-synthetic diet 
but these differences were not always significant. Non- 
dieldrin mice housed on sawdust and killed between 68 and 72 
weeks weighed significantly more than those on filter-paper 
bedding but this effect was not seen in those killed at 92 weeks 
(Table 2).
Relative liver weights of mice fed dieldrin were signifi­
cantly increased compared with those fed non-dieldrin diet.
From 52 weeks onwards a marked increase in liver weights of the 
dieldrin group mice was associated with the development of liver 
tumours. Many tumour-bearing livers from mice of the dieldrin
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groups were in the range of 8 - 9 gm. One liver of a group 7 
mouse had an exceptional weight of 20.6 gm. Liver weights of 
the dieldrin group mice housed on sawdust showed a significant 
increase compared with those on filter-paper. A significant 
increase was also seen in the non-dieldrin group at 92 weeks.
There were also increases in liver weights, sometimes reaching 
statistical significance, for mice fed conventional diet com­
pared with those fed semi-synthetic diet (Tables 3 and 4). 
Pathological findings 
Eight weeksT exposure
The livers were examined grossly and microscopically.
No compound-related gross changes were found in the liver. 
Compound-related microscopic changes found in the dieldrin 
groups, but not in the controls, were mild enlargement of the 
centrilobular parenchymal cells with enlarged hyperchromatic 
nuclei and peripheral margination or clumping of the chromidial 
material. Mitoses were occasionally seen in these cells (Plate 1).
Twenty-eight weeks1 exposure
No compound-related gross changes were found in the liver. 
The liver and lungs were examined microscopically. Compound- 
related microscopic changes found in the dieldrin groups, but 
not in the controls, comprised greatly enlarged centrilobular 
parenchymal cells with large hyperchromatic nuclei and moderate 
cytoplasmic vacuolation. Occasional necrotic parenchymal cells 
were seen in these areas. No tumours were seen in the livers 
of any groups. No pathological changes were found in the lungs 
that could be related to treatment.
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Plate 1 M icrograph o f liver o f 8 week old C F l male mouse No. 10 exposed to  
filter-paper bedding and 10 ppm  dieldrin  in semi-synthetic d ie t, showing enlarge­
m ent (E ) and occasional karyom egaly (K ) o f centrilobular parenchym al cells, stained 
w ith  haem atoxylin  and eosin (M agnification x 2 0 0 ).
Plate 2  M icrograph o f liver o f 65 weeks old C F l male mouse No. 2 2 6 , exposed to  
filter-paper bedding and 10 ppm d ietary d ieldrin  in semi-synthetic d ie t, showing 
peripheral margination o f chrom idial material (C) and degenerate intracellular in ­
clusion bodies ( IC ). Necrotic cell observed (NhStained w ith  haem atoxylin  and eosin . 
(M agnification  x 2 0 0 ).
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One mouse fed dieldrin and maintained on semi-synthetic diet 
and sawdust bedding (group 4) and another fed dieldrin and main­
tained on conventional diet and sawdust bedding (group 8) showed 
the presence of occasional single or multiple ring-shaped, eosino­
philic intracytoplasmic inclusion bodies in the enlarged parenchymal 
cells. When ultrastructural examinations were made of cells contain­
ing these inclusions, they were found to be composed of concentric 
whorls of smooth membranes, enclosing lipid droplets and associated 
with large amounts of smooth endoplasmic reticulum vesicles. Inclu­
sion bodies were not found in the non-dieldrin groups.
Fifty-two weeks' exposure
Gross examination at necropsy showed that one or more tumours 
were found in 5 mice of 3 of the dieldrin groups. They varied in 
size between 2 mm and 3 cm diameter. The larger ones were usually 
well circumscribed masses of red liver tissue with rough surfaces and 
some large vessels below the capsule. Necrotic foci were sometimes 
seen. The larger tumours were composed of multiple confluent 
nodular masses. The mid and left lobes were the most common sites 
for these tumours. The larger tumours extended to both dorsal and 
ventral surfaces. Tumours were not seen in the non-dieldrin groups 
at necropsy. Microscopic examination of the liver parenchymal cells 
of the dieldrin groups showed changes similar to those seen at 28 
weeks. However, both centrilobular and mid-zonal parenchymal cells 
were enlarged and the periportal parenchymal cells were consequently 
rather compressed. There was clumping or peripheral margination of 
the chromidial material and intra-cytoplasmic inclusion bodies were
common in the enlarged cells and were present in most of the mice 
of these groups. These characteristics were present in non­
tumour tissue as well as tumour tissue (Plate 2). The micro­
scopical descriptions of the tumours are given in the next 
section.
The non-dieldrin group livers showed non-zonal moderate 
variation in size of parenchymal cells. Occasional mitoses, 
necrotic parenchymal cells with mild focal inflammatory cell 
infiltration and widespread fine cytoplasmic vacuolation of the 
parenchymal cells were seen in some livers.
The parenchymal cell nuclei of both dieldrin and non- 
dieldrin groups showed great variation in size and shape, many 
were hyperchromatic and showed multiple nucleoli and pale or 
eosinophilic intra-nuclear inclusion bodies were sometimes seen. 
Occasional multinucleate parenchymal cells were seen.
The tumours found in mice at this stage were circum­
scribed, did not show any evidence of metastasis to the lungs or 
local invasion within the abdomen.
No consistent pathological changes were found in the 
lungs that could be related to treatment.
Results of necropsies carried out from 12 months onwards
There were many losses from all groups during the latter 
half of the study. Some mice were found dead and a full necropsy 
was carried out whenever autolysis did not preclude this. Sick 
mice were removed from the study whenever they were observed. The 
most common reasons for losses from the study were lymphoreticular 
tumours, urinary disease and wounds due to fighting.
Increasing numbers of dieldrin-exposed mice showed liver 
tumours at necropsies from 12 months onwards. These tumours 
varied in size, from a few mm in diameter up to several cm, 
occasionally involving whole liver lobes (Plates 3, 4 and 5). Mice 
exposed for long periods often showed involvement of one or more 
liver lobes and some tumours were pedunculated. The gross 
appearance was similar to those observed after 52 weeks. The usual 
histological pattern consisted of cords or sheets of eosinophilic 
or slightly basophilic parenchymal cells of variable size. Lobular 
architecture was usually still visible. There was compression by 
the tumour of the surrounding parenchyma. The larger tumours 
were often composed of several confluent small nodules, at the 
periphery of which were compressed liver cords or a more dis­
organised growth pattern with dilated sinusoids and areas of 
hydropic degeneration. Necrotic areas sometimes invaded by in­
flammatory cells and haemorrhagic areas were not unusual in the 
larger tumours. Individually, the cells showed some variation 
in the cytoplasmic characteristics. Some cells showed homo­
geneous or glassy eosinophilic contents and others showed clumping 
or peripheral margination of the chromidial material (Plate 6). 
Occasionally eosinophilic, intra-cytoplasmic ring-shaped inclusion 
bodies were seen in the cells. Multinucleate parenchymal cells 
were occasionally seen. The nuclei were sometimes large, hyper- 
chromatic, often bizarre in shape with multiple nucleoli. Mitoses 
were commonly present.
Liver tumours with these characteristics have been 
classified as type fa? nodules (Walker et al, 1973). Other tumours 
were characterised by loss of normal lobular architecture, com-
1cm
Plate 3 M ultip le  hepatocellular adenom ata o f male C F I mouse No. 148 , 
exposed to  sawdust bedding and 10 ppm  dieldrin  in conventional d iet 
fo r 65  weeks.
1cm
Plate 4 M ultip le  hepatocellular adenom ata o f male CFI mouse No 159 , 
exposed to  filte r  paper bedding and 10 ppm dieldrin  in semi-synthetic 
diet fo r 65  weeks.
1cm
Plate 5 Section through hepatocellular carcinom ata o f male CFI mouse 
No. 1 6 0 , exposed to  filte r paper bedding and 10 ppm  die ldrin  in semi­
synthetic d ie t fo r 65 weeks, composed o f m ultip le  nodules (N ) and a 
necrotic area (A ).
Plate 6 Micrograph o f male C F I mouse N o . 2 2 5 , exposed to  filte r  paper bedding 
and 10 ppm dieldrin  in sem i-synthetic d ie t, showing adenoma 1.5  x 1.0 cm at 
necropsy, w ith  irregular cords o f liver cells. Stained w ith  haem atoxylin  and eosin. 
(M agnification x 4 0 ).
pression of the surrounding parenchyma and sometimes with replace­
ment of the whole liver lobe by tumour tissue. These often had 
bizarre growth patterns of trabecular and acinar formation, 
separated by dilated sinusoids, sometimes with areas of necrosis 
and have been classified as type Tbf by the same authors. Some 
type ’a’ nodules with peripheral areas showing focal trabecular 
formation and disorganised growth of liver cords were undoubtedly 
developing type ’bf growth patterns. Type 'b’ tumours usually 
showed some areas characteristic of type ’a’ growth patterns.
Nodules with type ’a’ morphology are therefore regarded as neo­
plasms and will be referred to as hepatocellular adenomata in this 
report. Many type ’b’ nodules showed metastases to the lungs, 
particularly in mice dying after 18 months of age (Table 5). 
Occasional intravascular invasion within the liver was also recorded. 
They were therefore classified as hepatocellular carcinomata 
(Plate 7). Metastases varied in size from small emboli of paren­
chymal cells growing in small vessels in the lungs to well 
established multiple metastatic growths, each several mm in diameter 
(Plate 8).
The first hepatocellular adenoma and carcinoma observed in 
the dieldrin groups were recorded earlier than in the non-dieldrin 
groups as shown below.
Comparison of the first observed hepatocellular adenoma 
and carcinoma and lung metastases in the dieldrin 
and non-dieldrin groups
Hepatocellular Hepatocellular T ^, . Lung metastasesadenoma carcinoma °
Control 65 weeks (Group 1) 82 weeks (Group 6) Not found
Dieldrin 43 weeks (Group 4) 51 weeks (Group 7) 65 weeks (Group 8)
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Plate 7  Micrograph o f hepatocellular carcinoma o f C F I male mouse No. 4 0 0  
exposed to  sawdust bedding and 10 ppm  dieldrin  in conventional d ie t fo r 88  weeks, 
showing trabecular (T ) and acinar (A ) fo rm ation  o f liver cells separated by d ilated  
sinusoids (S). (M agnification  x 2 7 5 ).
Plate 8 M etastatic lesions (M ) o f the same tum our in the lungs. Both sections 
stained w ith  haem atoxylin  and eosin (M agnification  x 2 7 5 ).
Tumours of the non-dieldrin groups were smaller (< 1 cm diameter) 
than those of the dieldrin groups. Lobular architecture was usually 
maintained and there was only mild pressure on the surrounding 
parenchyma (Plate 9). The larger tumours sometimes showed trabeculae 
as single' cords of parenchymal cells. A few tumours were large 
(< 2 cm. diameter) and 2 were diagnosed as hepatocellular carcinomata 
(Plates 10 and 11). They were composed of small parenchymal cells 
with small nuclei and some mitoses. Areas of necrosis and haemorrhage 
were uncommon. Ring-shaped, intra-cytoplasmic inclusion bodies 
characteristic of dieldrin-exposed tissue were not found in cells 
of the control tumours. Intra-cytoplasmic eosinophilic droplets 
were commonly found in these tumours, which when examined at the 
ultrastructural level, consisted of homogeneous electron-lucid 
material with an electron-dense core.
In both control and dieldrin-treated groups, tumours developed 
in livers showing no marked liver cell damage. The most obvious 
differences between liver tumours of the two groups were the larger 
size of the tumours and of the individual cells, the large amount of 
smooth endoplasmic reticulum membrane present, the earlier appearance 
of the tumours and greater likelihood of carcinomatous change and 
metastases of the dieldrin group.
No valid conclusions could be made concerning the 
liver tumours in group 7 mice, fed control diet after 86 weeks and 
then allowed to survive until the end of their life-span, owing to 
the small numbers involved. However, some cells in liver tumours of 
these mice contained condensed eosinophilic material which appeared
- » «  •.
.V • o *: C -
Plate 9 Micrograph o f hepatocellular adenoma (2 mm diam eter) o f C F I male 
mouse N o . 3 9 6 , exposed to  control conventional d ie t and sawdust bedding fo r 92  
weeks, showing sheets o f liver cells; some cells contain intra-cytoplasm ic eosino­
philic droplets ( I) .  Compression o f the surrounding parenchym a is observed (C) 
Stained w ith  haem atoxylin  and eosin (M agnification  x 11 0 ).
Plate 10 Micrograph o f 1.5 cm diam eter hepatocellular carcinoma o f C F I 
male mouse 30 6 , exposed to  control conventional d iet and sawdust bedding fo r  
82  weeks. Dilated sinusoids, basophilic staining trabeculae o f liver cells w ith  small 
nuclei observed. Stained w ith  haem atoxylin  and eosin. (M agnification x 13 2 ).
n' ■ ■
Plate 11 Micrograph o f hepatocellular carcinoma o f C F I male mouse No 4 2 0  , 
exposed to  control semi-synthetic d ie t and f ilte r  paper bedding for 91 weeks. 
Irregular cords o f liver cells, trabeculae (T ) and acini (A ) are observed. Stained w ith  
haem atoxylin  and eosin. (M agnification  x 110)
Plate 1 2  M icrograph o f hepatocellular adenoma o f C F I male mouse N o . 5 0 6  
exposed to  filterpaper bedding and 10 ppm dieldrin  in conventional d iet fo r 86  
weeks, fo llow ed by the feeding o f d iet w ith o u t dieldrin  fo r up to  108  weeks, when  
necropsy was carried o u t. Condensed intra-cytoplasm ic inclusion bodies o f smooth  
endoplasmic reticulum  (S) are observed. These may be degenerating, fo llow ing  
w ithdraw al o f d ieldrin  fro m  the diet after 86  weeks. Stained w ith  haem atoxylin  
and eosin. (M agnification x 3 3 0 ).
to be degenerate inclusion bodies. This was particularly noticeable 
in mice dying after 99 weeks and may reflect a change in the struc­
ture of the smooth endoplasmic reticulum whorls after discontinua­
tion of dieldrin exposure. No ultrastructural studies were made 
of these (Plate 12).
The incidences of liver tumours at scheduled and unscheduled 
necropsies are given in Table 6. .
Lung Tumours
Some mice showed the presence of one or more well circum­
scribed cream nodules in the. lungs varying in size from 1 mm to 
1.5 cm. The larger ones extended to both dorsal and ventral surfaces 
of the lobe. They showed no predilection for any particular lobes. 
Microscopical examination showed both adenomata and adenocarcinomata. 
The adenomata were composed of single layers of cuboidal or columnar 
alveolar epithelial tumour cells. Sometimes focal papillary growth 
patterns were observed, which extended into the alveolar spaces 
in which desquamated cells and macrophages were seen. The nuclei 
were situated basally or centrally in the cytoplasm.
Lung adenocarcinomata were larger, up to 2 cm in diameter. The 
individual cells were sometimes not so well differentiated as those 
of the adenomata and were often larger, with pleomorphic nuclei and 
formed several layers or focal papillary structures. A higher 
incidence of mitoses was observed in the adenocarcinomata. The 
larger tumours showed necrotic areas. Adenocarcinomata frequently 
invaded bronchioles, bronchi or blood vessels. Some adenomata appeared 
to be developing characteristics of adenocarcinomata, indicating pro­
gressive development of adenomata to adenocarcinomata.
Many mice showed small foci of adenomatosis, which consisted
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of proliferated alveolar epithelium, usually in single layers, with 
a more diffuse growth pattern than was seen in lung tumours. The 
incidences of lung tumours are given in Table 6.
Liver and lung tumour data analyses
Table 6 shows the statistical analyses of liver and lung tumours 
of mice killed at scheduled necropsies and those removed from the 
study between these necropsies. Tables 7 and 8 show the results 
of the actuarial analyses in which differences in risk between the 
treatment groups for developing tumours are indicated (see Appendix 3 
for statistical method). Reference to these data and to the life- 
tables (Figures 2A and 2B) showed that there were increased risks 
for developing liver tumours in the dieldrin groups compared with 
the non-dieldrin groups. For statistical method see Gross and Clark (1975).
It was also apparent that dieldrin group mice fed conventional 
diet showed an increased risk of developing hepatocellular carcinoma 
compared with those fed semi-synthetic diet (Table 7). This 
significance may however have been related to the low incidence of 
these tumours in mice fed dieldrin and semi-synthetic diet and 
exposed to sawdust. There were no consistent differences, attribut­
able to the presence of specific diet or bedding, that could be re­
lated to the incidences of liver tumours in the dieldrin groups.
The 92 weeks' non-dieldrin group fed semi-synthetic diet and 
housed on sawdust showed a significant increase in risk of develop­
ing liver cell adenomata compared with the filter-paper exposed 
mice (Table 6). Although both microsomal enzyme induction and the 
incidences of liver adenomata were increased in this group, compared
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Fig 2A Lifetable based on the probability of CFI male mice dying w ithout liver-cell adenomata 
following exposure to 10 ppm dietary dieldrin, semi-synthetic or conventional diet and sawdust or 
filter paper bedding. The data include losses in consecutive 4 week periods of the study over 100  
weeks. Scheduled necropsy data, have been excluded.
Treatment codes
1 = semi-synthetic diet, filter paper bedding, non-dieldrin diet ----------------------
2 = semi-synthetic diet, sawdust bedding,non-dieldrin diet  —-------- —
3 = semi-synthetic diet, filter paper bedding, 10 ppm dieldrin ----------------------
4 = semi-synthetic diet, sawdust bedding, 10 ppm dieldrin H — I— I— F
5 = conventional diet, filter paper bedding, non-dieldrin diet ----------------------
6 = conventional diet, sawdust bedding, non-dieldrin diet —
7 = conventional diet, filter paper bedding, 10 ppm dieldrin
8 = conventional diet, sawdust bedding, 10 ppm dieldrin ■ ■■■■■
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Fig 2B Lifetable based on the probability of CFI male mice dying w ithout liver-cell 
adenomata following exposure to 10 ppm dietary dieldrin compared with those exposed 
to control diets.
 Mice exposed to 10 ppm dietary dieldrin
 Mice exposed to control diet
with other non-dieldrin groups, the correlation between increased 
microsomal enzyme induction and tumour incidence was not always 
consistent for the non-dieldrin group and liver tumours were 
present in a few mice fed semi-synthetic diet and housed on 
filter-paper bedding.
In this study dieldrin caused generalised liver enlarge­
ment due to hypertrophy and hyperplasia in which hyperplasia 
played the more prominent role. This was shown by significant 
increases in total DNA liver content (Table 9). Increases in 
total liver protein/liver DNA and in liver microsomal protein/ 
liver DNA indicated liver cell hypertrophy although these 
increases were not always statistically significant (Tables 10 
and 11). The proliferation of hepatocellular smooth endoplasmic 
reticulum observed ultrastructurally also indicated liver cell 
hypertrophy.
An increased risk for developing lung adenomata was seen 
in the mice fed conventional diet compared with those fed semi­
synthetic diet. This was not interpreted as a response to the 
microsomal enzyme inducers present in conventional diet as it was 
noted that the significantly higher risk for developing lung 
adenomata in mice fed conventional diet was associated with a lower 
risk for developing lung adenocarcinomata compared with those fed 
semi—synthetic diet, although the risks did not differ significantly. 
In addition mice fed the potent enzyme inducer, dieldrin, showed no 
increase in risk for developing lung tumours compared with those 
fed control diet (Table 8).
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DISCUSSION
Correlation of Biochemical and Pathological Data
Biochemical investigations carried out on livers of mice 
from this study, by a colleague Dr. H. Tennekes, showed that 
there was a significant induction of the liver mono-oxygenase 
system, monitored by £-nitroanisole Oydemethylase activity for the 
dieldrin group compared with the non-dieldrin group, throughout 
the study. Increases in this enzyme activity were also recorded 
for both dieldrin and non-dieldrin mice on sawdust bedding com­
pared with those on filter-paper, although the activity was much 
higher for the dieldrin group. These increases were not as great 
when conventional diet was fed, with the exception of the non- 
dieldrin group of mice housed on sawdust and fed conventional diet 
and killed after 92 weeks which showed significantly increased 
enzyme activity compared with those fed semi-synthetic diet 
(Tables 12 and 13).
The feeding of conventional diet to non-dieldrin mice 
housed on filter-paper was also associated with increased micro­
somal enzyme activities compared with those fed semi-synthetic 
diet and housed on filter-paper. However, mice housed on 
sawdust and fed conventional diet had consistently lower enzyme 
activities compared with those fed semi-synthetic diet, with the 
exception of the 92 weeks’ group. Dieldrin-exposed mice fed 
conventional diet showed reduced enzyme activities compared with 
those fed semi-synthetic diet. Thus the microsomal enzyme
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activities of mice fed conventional diet were inconsistent when 
compared with those housed on sawdust and appeared to be in­
fluenced by other factors.
Exposure of non-dieldrin group mice to the microsomal 
enzyme inducers in conventional diet or sawdust bedding caused 
some mild liver enlargement, due to liver cell hypertrophy, 
rather than hyperplasia and appeared to be responsible for no 
consistent increase in risk for liver tumour development (Tables 
3, 4, 9, 10 and 11).
Exposure of mice to different diets and bedding in this 
study did not affect the incidence of liver tumours in dieldrin- 
fed mice; all mice killed or dying after 71 weeks had liver 
tumours, regardless of the type of bedding or diet. There was a 
much lower incidence of liver tumours in all non-dieldrin groups.
The Effects of Microsomal Enzyme Inducers in Sawdust Bedding 
and Conventional Rodent Diet on Mouse Liver Tumour Incidence
The evidence obtained in this study that sawdust con­
tained agents that induce the microsomal mono-oxygenase system, 
of the mouse liver confirms the work of Wade et al (1968), who 
showed that rats and mice housed on cedarwood shavings, the active 
principles of which are polycyclic hydrocarbons cedrol and cedrene, 
showed reduced hexobarbital sleeping time. This was associated 
with induction of the microsomal enzymes responsible for hexo­
barbital degradation which occurred within 48 hours of exposure. 
There were also increased liver weights and increased microsomal 
proteins. There is evidence that the effect is maintained as long
as the animals are in contact with the bedding (Ferguson, 1966).
The results of the present study indicate that these
microsomal enzyme inducing agents, present in sawdust (from
Douglas Fir), appear to have little or no tumour promoting 
activity or are present at concentrations below the threshold 
for overt tumour promoting activity. These findings are there­
fore not consistent with those of Sabine et al (1973) and Sabine 
(1975) who indicated that certain types of sawdust could have 
a co-carcinogenic effect on mouse liver. They reported
that the use of cedarwood shavings as bedding was associated with
VYan increase in the incidence of liver tumours in C^H-A and
VY . .C^H-A fB mice. When these mice were housed on this material m
the USA, they had a high incidence of liver tumours whereas the 
same strains of mice housed on pine sawdust in Australia had a 
lower incidence of liver tumours. The authors concluded that 
the microsomal enzyme inducing properties of cedarwood oil had 
a co-carcinogenic effect in those strains of mice with a back­
ground incidence of liver tumours. VIahakis (1977) compared
VY .liver tumour incidences m  C^H-A fB mice housed on pine with
those housed on pine and cedarwood beddings and found liver tumours 
in all mice and suggested that other factors may have been respon­
sible for differences in results of Sabine’s studies, such as 
variations in body weights and diets and presence or absence of 
ectoparasites. These studies did not include a control group of 
mice not housed on softwood bedding, as in the present study, 
where even some mice housed on filter-paper developed liver tumours.
It was shown in the present study that under some exposure 
conditions, conventional rodent diet had microsomal enzyme-inducing
properties. It is known that microsomal enzyme inducers occur 
naturally in certain plants, which may be present in laboratory 
rodent diets e.g. Cruciferae, which have been shown to induce 
aryl hydrocarbon hydroxylase of liver, small intestine and lungs 
of mice and rats (Loub et al, 1975).
Some liver tumours were observed in a few mice maintained 
on semi-synthetic diet and filter-paper bedding, which suggested 
the presence of a pre-existing oncogenic factor or suscepti­
bility in this strain of mouse. This susceptibility appears to 
be readily potentiated by dieldrin which induces hyperplasia in 
the liver. Certain other microsomal enzyme inducing agents such 
as phenobarbitone, a-hexachlorocyclohexane, polychlorinated 
biphenyls and DDT appear to exert a similar effect on the liver 
of susceptible strains of mice (Ito et al, 1973; Peraino et al,
1973). Rats and Syrian hamsters which have low or negligible 
background incidences of liver tumours do not develop malignant 
liver tumours when exposed to such chemicals (Butler, 1978;
Cabral et al, 1979).
Studies in the rat have shown that dieldrin causes 
liver cell hypertrophy rather than hyperplasia (Wright et al, 1972) 
and is not carcinogenic for the liver (Fitzhugh et al, 1964;
Walker et al, 1969, National Cancer Institute, 1978). It is 
possible that when mouse liver is exposed to dieldrin, it has a 
limited capacity to respond to an increased functional demand for 
microsomal enzymes, and in the presence of an accumulation of the 
chemical undergoes hyperplasia leading to neoplasia (Wright et al, 
1972).
There is no convincing evidence for viral induction of 
mouse liver tumours, but viruses cannot be ruled out. It is likely 
that the aetiology of liver tumours in the mouse and other species 
could be multifactorial and involve one or more co-carcinogenic 
factors (Higginson and Svoboda, 1970; Berenblum, 1969).
The Importance of Life-Time Exposure of Rodent Liver to Chemicals 
When Evaluating Potential Carcinogenic Hazards
In this study where mice were exposed to dieldrin in utero, 
the first hepatocellular adenoma was recorded in a 43 week old mouse 
housed on sawdust and fed semi-synthetic diet. A longer exposure 
period of 52 weeks was recorded in a previous study where mice 
were fed the same level of dieldrin from 5 weeks of age (Thorpe 
and Walker, 1973). Tomatis et al (1972) reported a reproduction 
study in CFl mice, exposed to DDT, in which the first generation 
mice showed a shorter time for the occurrence of death due to liver 
tumours compared with the parent generation.
A wide range of other chemicals have been associated with 
increased incidences or earlier appearance of liver tumours when 
given to neonatal mice compared with adults. Terracini et al (1976) 
reported that male C^Hf/D^ mice given a single intraperitoneal 
injection of 25 or 50 yg N-nitroso-N-methylurea/gm body weight at 
1 or 21 days resulted in hepatocellular carcinomata whereas those 
injected with the same doses at 70 days of age showed no signifi­
cant increases. Della Porta (1968) reviewed several studies in 
which different strains of mice exposed to urethane within 24
hours of birth, developed a higher incidence of hepatomas compared 
with mice that were older when treated. Vesselinovitch et al 
(1972) also reported that when 4 and 7 day old C,.^  BL x CjHF^ mice 
were exposed to aflatoxin B^ , they developed hepatocellular 
carcinomata. In contrast, when exposed as adults, mice are not 
susceptible to the effects of aflatoxin B^  (Newberne 1965; 
Gellatly, personal communication).
All dieldrin group mice killed or dying after 71 weeks 
showed liver tumours and those killed or dying after 18 months 
showed a higher incidence of malignant liver tumours compared 
with those allowed to survive for less than 18 months. Of 
particular relevance was the higher incidence of lung 
metastases from liver tumours of mice exposed to dieldrin for 
longer than 18 months. Forty-eight percent of mice, with hepato­
cellular carcinomata, surviving beyond 18 months, showed meta­
stases compared with 19% in mice dying before that age (Table 5). 
These data indicate that the malignancy of mouse liver tumours 
can be readily demonstrated if the mice are allowed to survive 
until the end of their life-span, when a higher number will show 
the morphological characteristics of carcinomata, with associated 
lung metastases. This correlation of the incidences of hepato­
cellular carcinomata and associated pulmonary metastases with 
length of chemical exposure agrees with the findings of Frith 
et al (1979, 1980). These results indicate that early chemical 
exposure and continuation for the life-span of the animals are 
important in the detection of carcinogenic potential.
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CHAPTER 3
An Investigation into the Effects of Long-term Dietary Exposure 
of Dieldrin on the Ultrastructure and Histochemical Distribution 
of Enzymes of the Mouse Liver
INTRODUCTION
Short-term exposure of rat and mouse liver to a variety 
of lipophilic xenobiotic compounds such as dieldrin, phenobarbitone, 
DDT and a-benzene hexachloride is associated with biochemical and 
structural changes of the liver, which include induction of drug 
metabolising enzymes, proliferation of smooth endoplasmic reticulum, 
liver cell hypertrophy and sometimes hyperplasia. These changes 
are not usually associated with obvious liver damage and are 
reversible upon withdrawal and elimination of the compound (Wright 
et al 1972; Schulte-Hermann 1974). Many strains of mice have a 
background incidence of liver tumours which is readily increased 
by long-term exposure to these xenobiotic compounds. Unlike some 
other species the great susceptibility of the mouse to liver tumours, 
after exposure to these compounds, and the significance of exposure 
for man are the subjects of much controversy (Butler and Jones 1978; 
Clemmesen and Hjalgrim-Jensen 1978; Newberne 1975). There has been 
much discussion on the diagnosis of mouse liver tumours as carcino­
mata and on the relationship between their morphology and their 
biological behaviour (Walker et al 1973; Thorpe and Walker 1973;
Ito et al 1973; Tomatis et al 1972; Butler and Jones 1978).
Characterisation of mouse liver tumours can be attempted in 
several ways using observations on morphology, ultrastructure and 
biological behaviour and can include the use of histochemical, 
immunological and transplantation techniques. There are few 
published reports on the ultrastructural characteristics of mouse 
liver tumours associated with exposure to xenobiotic compounds.
An important component of the cell, that can be examined 
ultrastructurally, is the endoplasmic reticulum. This plays a 
major role in the synthesis of protein and also in the metabolism 
of hormones, drugs and environmental chemicals by virtue of its 
enzymes. The microsomal mono-oxygenase system of the endoplasmic 
reticulum is a group of enzymes whose role is the metabolism of 
drugs and chemicals, which results in either detoxication or 
activation of the foreign compounds. Some of these chemicals 
may be carcinogens that require metabolic activation to proximate 
forms, which are electrophilic, before they can exert their effects. 
Ultrastructural studies have shown that carcinogens can cause 
disorganisation of rough endoplasmic reticulum, so that detachment 
of ribosomes, the site of protein synthesis, leaves degranulated membranes 
(Svoboda and Reddy 1975). Biochemical evidence also supports this 
(Williams and Rabin 1971; Wright et al 1977; Delaunay and Schapira
1974). Degranulation may also occur following the formation of 
ligand complexes of certain halogenated compounds with cytochrome 
P-450, which is converted to P-448, with loss of normal mixed-function 
oxygenase activity. Parke (1979) has postulated that degranulation 
interferes with the synthesis of glycoproteins which play a vital 
role in the overall function and economy of the cell. Evidence 
for this has been reported in malignantly transformed cells (Warren
- 68 -
et al 1974) and in cancer patients (Kessel et al 1977). Loss of 
membrane-bound ribosomes results in a change-over of protein 
synthesis for extracellular requirements to that for intracellular 
requirements; this might be associated with enhanced cell growth 
and proliferation and changes in the immune response mechanism. All 
of these events could be part of the promotion phase of neoplasia, 
following a prior initiation step. Thus ultrastructural observations 
of the endoplasmic reticulum could be useful indicators of changes 
of liver cells during the development of neoplasia.
In this study an attempt was made to characterise liver 
tumour cells of dieldrin-exposed mice based on ultrastructural 
observations, particularly of the endoplasmic reticulum. The 
ultrastructure of liver tumours of both control and dieldrin-treated 
mice were also compared. These examinations included liver tumours 
that showed evidence of metastases to the lungs. Observations were 
also made on the histochemical distribution of enzymes in liver 
tissue of mice from another study, which were fed the same level 
of dieldrin. Certain ultrastructural features were also correlated 
with the histochemical characteristics observed.
EXPERIMENTAL METHODS
Materials
Technical quality dieldrin contained >99% of the pure compound,
1,8,9,10,11,ll-hexachloro-4,5-exo-epoxy-2,3-7,6-endo-2,1-7,8-exo- 
3 6 2
tetracyclo (6.2.1.1 * 0 ,7jdodec-9-ene and was supplied by Analytical 
Chemistry Division of Shell Biosciences Laboratory.
Animals
Male Carworth Farm No. 1 (GFl) strain of mice were bred and 
maintained under conventional conditions in Shell Toxicology Laboratory.
Diet
Semi-synthetic diet (SSD) was compounded in this laboratory. 
Conventional diet (CD) LAD No. 2 was supplied by Spillers 
Spratts Ltd., U.K.
Bedding
Sawdust (S) was supplied by Usher Ltd., Kent, U.K.
Shredded Whatman No. 1 filter-paper (F) was used as the 
filter-paper bedding.
The mice used in this study were from the experiment discussed 
in Chapter 2 in which the effects of different diets, bedding and 
10 ppm dieldrin (D) in the diet, on the incidence of liver tumours, 
were investigated. The experiment therefore consisted of 8 different 
treatment groups.
Group 1 SSD + F Group 5 CD + F
n 2 SSD + S n 6 CD + S
II 3 SSD + F + D it 7 CD + F + D
II 4 SSD + S + D it 8 CD + S + D
The mice were bred and reared on the above-mentioned specific 
experimental treatments to ensure continuous exposure during both 
pre- and post-natal periods. After weaning, males from the same 
treatment groups were housed together with a maximum of 5 mice per 
cage. Parents and female offspring were discarded.
12 MonthsT Group
Eleven mice were anaesthetised with 1 ml sodium pento­
barbitone (0.06 g/ml) injected intraperitoneally. The livers were 
fixed by perfusion, via the hepatic portal vein, for 15 min at 15 
mg Hg pressure with 2.5% glutaraldehyde in Sorensen's phosphate 
buffer. The liver was removed and liver samples, 3 x 3 x 2 mm, were 
taken and fixed in fresh glutaraldehyde in phosphate buffer for a 
further 3 hours.
After washing overnight in buffer, they were post-fixed in 
2% osmium tetroxide in Sorensen’s phosphate buffer for 3 hours. 
Samples were washed and dehydrated in a graded series of aqueous 
methanol mixtures to dry methanol, cleared in propylene oxide and 
infiltrated with propylene oxide/resin mixture overnight. Fresh 
resin was substituted for a further 24 hours and the samples were 
finally embedded and polymerised for 3 days at 60°C.
21 to 24 Months’ Group
Nodular and non-nodular liver tissue was taken from 9 mice 
killed between 21 and 24 months for ultrastructural examination.
After killing the mice with intraperitoneal sodium pento­
barbitone, small pieces of the liver were removed and fixed in 2.5% 
glutaraldehyde in Sorensen’s phosphate buffer for 3 hours. Over­
night washing in phosphate buffer was followed by post-fixation 
in 2% osmium tetroxide in Sorensen’s buffer for 3 hours. Washing, 
dehydration, infiltration and embedding were identical to the 
12 months’ samples.
Section Cutting
1 y survey sections were cut using an LKB ultramicrotome 
Mark III. They were stained with 1% Toluidine Blue in 1% Borax 
for light microscopy observation. The sections were examined and 
areas were selected for ultrastructural examinations, centrilobular 
areas were chosen in non-tumour tissue. Mesapyamids containing 
these areas were produced and ultrathin sections 500-700 A° were 
cut using the LKB ultramicrotome. The thin sections were stained 
with lead citrate and uranyl acetate and examined using a Zeiss EM9 
or Jeol 100CX electron microscope.
Animals Examined
Animal Numbers
Group 21 to 24
12 Months’ Months’
group* group**
1 52 420
60
3 61 409
489
43 f
4 54 
62
2 63
5 56 456
64
6 65 466
7 66 412
413
8 67 408
485
* 2 liver blocks were examined from each animal.
** 2 or 3 liver blocks were examined from each animal
This mouse was removed from the study at 43 weeks.
Histochemical Examination of Liver
The histochemical distribution of glucose 6-phosphatase and 
acid phosphatase were determined in liver of small numbers of mice 
from a different study in which they were exposed to 10 ppm dieldrin 
for 2, 12 or 15 months. Concurrent control group samples were also 
examined. Both tumour and non-tumour samples of liver were investi-
O # '
gated. Cubes of liver tissue (5 mm ), for demonstration of glucose
6-phosphatase, were frozen in a mixture of solid CO2 and hexane.
Fifteen ym cryostat sections were cut and incubated according to
3the method of Wachstein and Meisel (1956). Five mm samples of 
liver for demonstration of acid phosphatase (Gomori 1952) were 
fixed in 4% formalin in 0.67 M P0^ buffer in 7.5% sucrose for 24 
hours and then transferred to gum sucrose. The blocks were frozen 
and 15 ym sections were cut and incubated to demonstrate acid 
phosphatase.
RESULTS
Results of Ultrastructural Examination
Examination of 12 Months Old Mice
Ultrastructural examination of the centrilobular hepatocytes 
of mice exposed to 10 ppm dieldrin revealed proliferation of smooth 
endoplasmic reticulum (SER), consistent with the microsomal enzyme 
inducing properties of this chemical. This proliferation caused 
the rough endoplasmic reticulum arrays (RER) and mitochondria to 
clump together between areas of densely packed SER (Plate 13). In 
some cells, proliferation took the form of paired membranes forming
Plate 13 Group 7, Male 66, 12 months old. Dieldrin exposed.
Liver tissue showing proliferation of SER and clumping 
of RER and mitochondria (M). (x 8,250).
Plate 14 Group 4, Male 62, 12 months old. Dieldrin exposed. 
Liver tissue showing dilated RER, RBV and free 
ribosomes. (x 46,550)
Abbreviations used in Micrographs 13 ^25
AV = Autophagic vacuole; BC = Bile canaliculus; BM = Basement membrane 
C = Collagen; E = Erythrocyte; G = Glycogen; GO = Golgi; H = Hepatocyt 
ICD = Intra-cistemal droplet; L = Lipid; M = Mitochondria;
MVB = Multivesicular body; N = Nucleus; R = Ribosomes; RER = Rough 
endoplasmic reticulum; RBV = Vesicles with attached ribosomes;
S = Sinusoid; SER = Smooth endoplasmic reticulum; TJ = Tight junction; 
W = Whorl; p = peroxisomes
Plate 13
RBV
RER
tlai&ili
Plate 14
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concentric whorls enclosing mitochondria, autophagic vacuoles or 
lipid droplets. These whorls or ’finger-prints’ could be seen 
microscopically as intra-cellular inclusion bodies. Golgi and 
multivesicular bodies were also increased and the autophagic 
vacuoles had a more widespread distribution within the cells in 
the dieldrin-treated livers. An increased incidence of free ribo­
somes were noted in the hepatocytes of some dieldrin-treated mice 
compared with the controls. Some dieldrin-treated mice showed RER 
dilatation (Plates 14-16).
Examination of Mice Between 21 and 24 Months of Age
In mice killed between 21 and 24 months’ of age, the vesicular 
and whorl forms of membrane predominated and many vesicles had 
attached ribosomes (Plates 17 and 18). These changes were not seen 
in the control group livers (Plate 19). In contrast to the control 
livers, little glycogen was present in the dieldrin-exposed livers. 
With increasing age more bizarre mitochondria such as ring-shaped 
forms, which often enclosed other cytoplasmic organelles, were more 
common in the dieldrin groups than in the controls (Plate 20).
Ultrastructural characteristics of the ageing mouse liver 
regardless of treatment, involved changes in RER from long parallel 
arrays to shorter more disorganised forms, similar to the changes 
reported by Essner (1967), the presence of autophagic vacuoles with 
widespread distribution throughout the cell in contrast to the 
more usual pericanalicular distribution, and the occasional presence 
of a basement membrane beneath the sinusoidal endothelial cells.
Golgi bodies were also found to be more variable in shape in 
older mice.
Plate 15 Group 4, Male 54, 12 months old. Dieldrin exposed.
Liver tissue showing dilated RER, free ribosomes.
(x 22,050)
Plate 16 Group 4, Male 43, 43 weeks old. Dieldrin exposed.
Liver tissue showing dilated RER, RBV, SER, GO and 
MVB. (x 37,975)
Plate 15
Plate 17
Plate 18
Group 3, Male 489, 98 weeks old. Dieldrin exposed. Liver­
cell adenoma showing proliferation of SER as whorls (W), 
and vesicles. One whorl enclosed.lipid (L) and autophagic 
vacuoles (AV). (x 29,400).
Group 3, Male 489, 98 weeks old. Dieldrin exposed.
Liver tissue showing vesicles with attached ribosomes (RBV) 
and glycogen (G). (x 32,500).
Plate 18
Plate 19 Group 1, Male 420, 91 weeks old. Control Liver, 
(x 5,340)
Plate 20 Group 7, Male 413, 94 weeks old. Dieldrin exposed. Liver­
cell adenoma showing bizarre mitochondria (M) and SER 
vesicles, (x 25,000)
TV ~
Plate 19
Plate 20
Nuclear size and structure showed variations in all groups; 
these variations included multiple nucleoli and ring-shaped nucleoli. 
Separation of the nucleolar material into fibrillar and granular 
components known as Tcapping1, was observed only in a few control 
group mice at 12 months and in non-tumour tissue of tumour-bearing 
control mice towards the end of the study. ’Capping’ has been 
reported in rat liver nuclei after short-term exposure to carcino­
gens but such changes have been regarded as non-specific (Svoboda 
and Reddy 1975).
The use of different diets and bedding in this study could 
not be correlated with any changes in the ultrastructure of the 
liver cells.
Characteristics of Liver Tumour Tissue
Gross and light microscopy observations indicated that the 
dieldrin group tumours were larger, often up to 5 cm in diameter, 
than the control group tumours which were rarely as large as 2 cm 
in diameter. The dieldrin group tumours also showed bizarre growth 
patterns more commonly and were composed of larger more deeply 
eosinophilic cells with larger nuclei., No quantitative examinations 
were made of hepatic cells or the dimensions or distribution of 
their cytoplasmic organelles.
When tumour tissue was examined ultrastructurally from both 
control and dieldrin-treated mice removed from the study between 
21 and 24 months of age, characteristics common to both groups were 
the presence of widely distended RER, sometimes enclosing droplets 
or granular material, and increased amounts of SER. The dieldrin 
groups showed these changes to a greater degree (Plates 20 and 21).
Plate 21
Plate 22
Group 8, Male 408, 89 weeks old. Dieldrin exposed. Liver­
cell carcinoma showing distended RER and peroxisomes (P).
(x 25,000).
Group 5, Male 456, 91 weeks old. Control liver-cell 
adenoma showing intra-cisternal droplets (ICD) and 
dilated RER. (x 40,000).
\
Plate 21
Plate 22
Electron-dense droplets, sometimes with electron-lucid cores and 
enclosed by RER cisternae were found in both groups, but more 
commonly in the controls (Plates 22 and 23). These were observed 
as eosinophilic intra-cytoplasmic droplets when examined in 
haematoxylin and eosin stained paraffin wax-embedded sections using 
light microscopy.
Changes not common to both dieldrin and control group tumour 
cells were the presence of membrane whorls and vesicles with 
attached ribosomes which were present in the dieldrin groups only 
(Plates 17 and 24). Basement membranes beneath the sinusoidal 
endothelial cells were usually present in the dieldrin groups and 
only occasionally present in the non-dieldrin groups (Plate 25).
Tight junctions between the sinusoidal endothelial cells were 
sometimes present in the dieldrin tumours but not in the control 
tumours (Plate 25). Necrotic parenchymal cells were more common in 
the dieldrin groups than in the controls. Carcinoma tissue of one 
dieldrin-exposed mouse showed many peroxisomes (Plate 21). Metastasising 
and non-metastasising liver tumours could not be distinguished ultra- 
structurally.
The control tumour tissue and non-tumour tissue showed some 
different ultrastructural characteristics. Widely distended rough 
endoplasmic reticulum, increased amounts of SER, less glycogen and 
the absence of fat cells were seen in the tumour tissue in contrast 
to the non-tumour tissue.
Comparisons of ultrastructural findings between the groups are 
given in Tables 1 and 2.
Plate 23 Group 5, Male 456, 91 weeks old. Control liver-cell adenoma 
showing intra-cisternal droplets (ICD). (x 5,000).
Plate 24 Group 7, Male 413, 94 weeks old. Dieldrin exposed. 
Liver-cell adenoma showing SER vesicles and whorls (W) 
enclosing mitochondria (M) and autophagic vacuoles (AV). 
(x 16,500).
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Plate 23
I V I
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Plate 24
Plate 25 Group 8, Male 485, 94 weeks old. Dieldrin exposed. Liver­
cell adenoma showing basement membrane below endothelial 
cell cytoplasm and tight junction (TJ) between two 
endothelial cells. (x 17,762).
Plate 26 12 mos old Control, Male CFl mouse 199. Liver showed
even distribution of glucose 6-phosphatase. (x 125).
Plate 25
Plate 26
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Table 1 - Comparison of ultrastructure of the liver of 12 months of age control CF1 mice
and those fed 10 ppm dieldrin
Control Dieldrin
Ring- shaped nucleoli Commonly present Commonly present
Multiple nucleoli Commonly present Commonly present
Intra-nuclear inclusions •/ Commonly present' Commonly present
Capping of nucleolar material Sometimes present Not present
Long parallel arrays Present Present
Short irregular arrays Present Present
Mildly dilated ends of arrays Present Present
Widely dilated ends of arrays Not present Present in some livers
RER 41 Widely distended arrays Not present Not present
Arrays surrounding autophagic 
vacuoles or mitochondria Not present Present
Free ribosomes Present in a few livers Present in most livers
Vesicles with attached 
ribosomes
Present in one liver Present in one liver
SER <
Vesicles
_Whorls
Few
Not present
Large numbers 
Present
Clumping of RER and mitochondria Not present Present
Golgi bodies Moderate numbers Increased numbers
Multivesicular bodies Moderate numbers Increased numbers
Mitochondria Variable size & shape Variable size & shape
Glycogen Moderate Sparse or more widely 
distributed
Autophagic vacuoles Few, pericanalicular 
in distribution 
pericanalicular
Moderate numbers, 
widespread dis­
tribution
Microtubules Obvious in 2/6 livers Obvious in 4/5 livers
Sinusoidal microvilli Sometimes long and 
branching
Sometimes long and 
branching
Canalicular microvilli Variable numbers Variable numbers
Basement membrane 
not present.
Basement membrane not 
present.
Sinusoidal endothelium < Tight junctions seen 
in 1 animal but this 
may have been in 
capillary
Not present.
Fat cells Sometimes present Sometimes present
Kupffer cells Present Present
Necrotic parenchymal cells Sometimes present Sometimes present
Intra-cytoplasmic droplets Not present Not present
dieldrin and killed or dying between 21 and 24 months of age
Control Dieldrin
Non-tumour Tumour Non-tumour Tumour
Ring-shaped nucleoli Commonly present Commonly present Commonly present Commonly present
Multiple nucleoli Commonly present Commonly present Commonly present Commonly present
Intra-nuclear inclusions Commonly present Commonly present Commonly present Commonly present
Capping of nucleolar material Sometimes present Not present Not present Not present
Long parallel arrays Sometimes present Sometimes present Sometimes present Sometimes present
Short irregular arrays Present Present Present Present
Mildly dilated ends of arrays Present Present Present Present
Widely dilated ends of arrays Some present Some present Not present Some present
RER < Widely distended arrays Not present Present Not present Present
Arrays surrounding autophagic 
vacuoles or mitochondria Not present Not present Present Not present
Free ribosomes Present Present Present Present
Vesicles with attached 
ribosomes
Present occasionally 
as cross-sections of 
dilated RER in associ­
ation with parallel 
RER arrays
Present occasionally 
as cross-sections of 
dilated RER in associ­
ation with parallel 
RER arrays
Many present Many present
SER <
Vesicles
Whorls
Few
Not present
Increased numbers 
Not present
Many
Present
Many
Present
Clumping of RER and mitochondria Not present Not present Not present Not present
Golgi bodies Moderate numbers Moderate numbers Moderate numbers Moderate numbers
Multivesicular bodies Moderate Moderate Moderate Moderate
Mitochondria Variable size & shape Variable size & shape Variable size, 
often bizarre 
forms
Variable size, 
often bizarre 
forms
Glycogen Large amounts Small amounts Variable quanti­
ties,often sparse
Variable quanti­
ties,often sparse
Autophagic vacuoles Moderate numbers, 
widespread and 
pericanalicular
Moderate numbers, 
widespread and 
pericanalicular
Moderate numbers, 
widespread and 
pericanalicular
Moderate numbers, 
widespread and 
pericanalicular
Microtubules Some present Some present Some present Some present
Sinusoidal microvilli Long and branching Long and branching Long and branching Long and branching
Canalicular microvilli Variable numbers Variable numbers Variable numbers Variable numbers|Basement membrane occasionally present. 
Tight junction not 
present
Basement membrane 
occasionally present. 
Tight junction not 
present.
Basement membrane 
occasionally present. 
Tight junction not 
present.
Basement membrane 
usually present.
Tight junction 
present in 2/6 livers.
Fat cells Sometimes present Not present Sometimes present Not present
Kupffer cells Present Present Present Present
Necrotic parenchymal cells Sometimes present Sometimes present Sometimes present More commonly present
Intra-cytoplasmic droplets Not present Present in dilated RER Not present Present in dilated RER
— V £.
Results of Histochemical Examination
The control group liver samples taken at 2 and 12 months 
were found to have even distribution of glucose 6-phosphatase activity 
in all zones of the liver lobule (Plate 26). The large centrilobular 
and mid-zonal parenchymal cells of the livers of the dieldrin-exposed 
mice were shown to have a very small amount of this enzyme compared 
with the controls; the periportal parenchymal cells had a heavy 
distribution of this enzyme (Plate 27), This depletion of enzyme 
in the centrilobular areas was found to be greater in the dieldrin 
group samples taken at 12 and 15 months (Plate 27) than at 2 months 
(Plate 28). Liver tumour tissue from the mice killed at 12 and 15 
months showed variable amounts of enzyme (Plate 29) but less was 
generally present in the control liver tissue. The depletion of 
glucose 6-phosphatase observed histochemically in the enlarged 
parenchymal cells could be correlated with proliferation of SER 
observed ultrastructurally.
Examination of liver sections for distribution of acid 
phosphatase showed that in control mice of approximately 2 months 
of age, this enzyme was distributed mainly in the pericanalicular 
regions of the parenchymal cells and in the kupffer cells. In the 
dieldrin group livers, the staining was heavier in the enlarged 
centrilobular cells than in other zones. As in the controls it was 
distributed mainly in the pericanalicular areas and in the kupffer 
cells, although some was also present in other areas of the parenchymal 
cells (Plate 30). The greater intensity and marginally wider distri­
bution of activity within the cells in the dieldrin-exposed mice, possibly
Plate 27 12 mos old 10 ppm dieldrin exposed Male CF1 mouse, 200.
Liver showed marked depletion of glucose 6-phosphatase 
in centrilobular areas. (x 125)
Plate 28 2 mos old 10 ppm dieldrin exposed Male CF1 mouse, 470.
Liver showed centrilobular depletion of glucose 6- 
phosphatase. (x 125)
Plate 27
Plate 28
Plate 29 15 mos old 10 ppm dieldrin exposed Male CFl mouse, 96.
Hepatocellular carcinoma shows variable amounts of 
glucose 6-phosphatase. (x 125)
Plate 30 2 mos old 10 ppm dieldrin exposed Male CFl mouse, 495.
Liver shows enlarged centrilobular parenchymal cells 
with heavy pericanalicular acid phosphatase; this enzyme 
also present throughout cells, (x 125)
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Plate 29
Plate 30
indicated an increase in turnover of cell organelles, which may have 
been a reflection of the marked proliferation of smooth membranes.
In the 15 months’ old control mice, acid phosphatase was 
distributed mainly in the pericanalicular zones and kupffer cells 
(Plate 31) • In the non-tumour areas of the liver of dieldrin-exposed 
mice, the enzyme was more marked in cells of the pericanalicular 
areas and in kupffer cells and also had a wider distribution in 
some of these cells (Plate 32). In some of the tumour tissue from 
a hepatocellular carcinoma, very little enzyme was present and there 
were fewer kupffer cells (Plate 33). In some areas of the tumours, 
where there was compression of the cells between 2 confluent areas 
of trabecular tumour, there was often heavy distribution of the 
precipitate in both tumour cells and kupffer cells (Plate 34).
These histochemical observations of changes in acid phosphatase and 
glucose 6-phosphatase could be correlated with the ultrastructural 
findings in mice of approximately the same age and treatment.
The autophagic vacuoles were more frequent in older mice, in which 
the distribution tended to be more widespread. Some dieldrin group 
liver tumour cells contained large numbers of autophagic vacuoles 
(Plate 35). This finding was not surprising as liver tissue, especially 
tumour tissue, of these older mice often contained necrotic cells.
DISCUSSION
Changes of the Endoplasmic Reticulum
The increase in smooth endoplasmic reticulum, noted in the 
dieldrin-exposed mice, could not be explained by loss of ribosomes 
alone, from rough endoplasmic reticulum, but was regarded as being 
due to an increase in new smooth membrane. The intra-cytoplasmic
Plate 31
Plate 32
15 mos old control Male CFl mouse, 116. Liver shows 
pericanalicular distribution and kupffer cell dis­
tribution of acid phosphatase. (x 125)
15 mos old 10 ppm dieldrin exposed Male CFl mouse, 96. 
Non-tumourous liver shows pericanalicular and kupffer 
cell distribution of acid phosphatase. (x 313)
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Plate 32
Plate 33
Plate 34
15 mos old 10 ppm dieldrin exposed Male CFl mouse, 96 
Hepatocellular carcinoma shows trabeculae, acini 
and few kupffer cells; all have little acid phospha­
tase. (x 313)
15 mos old 10 ppm dieldrin exposed Male CFl mouse, 96 
Compressed zone of hepatocellular carcinoma shows 
marked acid phosphatase, (x 313)
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Plate 34
Plate 35 Group 8, Male 485, 94 weeks old. Dieldrin exposed. Liver­
cell adenoma showing autophagic vacuoles and SER 
vesicles.
(x 12,250)
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inclusions were composed of concentric paired membranes forming 
whorls and were present in some parenchymal cells that contained 
vesicular forms of smooth endoplasmic reticulum. It was noted that 
some lipid droplets and mitochondria were surrounded by paired 
membranes in cells with or without whorls. The surrounding of 
cell organelles by proliferated membranes may be an early stage in 
whorl formation. These membranes had no attached ribosomes. The 
membranes of the whorls appeared to be continuous with the vesicular 
forms of smooth endoplasmic reticulum and may have arisen by 
coalescence of these forms. Whorls were found in both tumour and 
non-tumour liver tissue in this study. They have been reported in 
rat and dog liver exposed to dieldrin (Wright et al 1972), but not 
previously in livers of dieldrin-exposed mice. Similar changes have 
been observed in mouse liver following exposure to phenobarbitone 
(the author’s unpublished observations), otBHC (Ito et al 1973), PCB 
(Nishizumi 1970) and in the rat liver following exposure to DDT 
(Kimbrough et al 1971; Ortega 1966), diethylnitrosamine (the 
author's unpublished observations), ethionine (Goldblatt et al 1973) 
and hexachlorohexahydrophenanthrene (Norb&ck and Allen 1969).
Norb&ck and Allen (1969) reported that the membrane whorls 
provided increased membrane surface area to ensure maximal contact 
of the chemical with the detoxifying enzymes. Hypertrophied smooth 
endoplasmic reticulum is associated with increased drug metabolising 
enzymes in the liver and is considered to be an adaptive response 
of the liver to foreign chemicals rather than a toxic effect (Remmer 
1972). As in the dog and rat, exposure of the mouse to dieldrin is 
also associated with enzyme induction in the liver. The increased 
activities of the enzymes, in response to dieldrin, drugs and other 
chemicals, have been shown to be concentrated in the smooth membrane
fraction of liver homogenate (Fouts 1961). The smooth endoplasmic 
reticulum of the liver is regarded as the principal site of 
metabolism of lipophilic chemicals.
In the present study, free ribosomes were a more common 
finding in the dieldrin groups killed at 12 months, than in the 
controls. All groups of mice dying between 21 and 24 months showed 
free ribosomes. Large numbers of vesicles with attached ribosomes 
were present in the dieldrin group tumour and non-tumour tissue.
These were probably derived from the hypertrophied endoplasmic 
reticulum in these cells. Changes in the rough endoplasmic reticulum 
appear to be a common effect after exposure of rodent liver to 
chemicals, including carcinogens. These changes include degranu­
lation of ribosomes from rough endoplasmic reticulum, disorganisation 
of the parallel rough endoplasmic reticulum arrays, resulting in dis­
arrayed membranes, vesiculation of rough endoplasmic reticulum and 
dilatation, so that distended rough endoplasmic reticulum is formed, 
which may enclose lipid or other material (Svoboda and Reddy 1975; 
Goldblatt et al 1973; Norb&ck and Allen 1969; McNutt et al 1975). 
Vesicles with attached ribosomes have been reported in 2-acetylamino- 
fluorene induced hepatocellular carcinomata of rats and in mouse 
liver following 1,1,1-trichloroethane exposure (Merkov et al 1969; 
McNutt et al 1975). Essner (1967) reported dilated rough endoplasmic 
reticulum cisternae in spontaneous hyperplastic nodules in mice. 
Hruban et al (1966) attributed changes in the endoplasmic reticulum 
of transplantable rat hepatomas to vascular changes, and dilated 
cisternae to disturbed secretory activity. Widely distended rough 
endoplasmic reticulum cisternae have been reported in human benign 
liver cell adenomata (Phillips et al 1973).
Intra-Cisternal Droplets
The intra-cisternal droplets found in both control and dieldrin 
group tumour tissue have been reported previously in spontaneous 
hepatic tumours in several strains of mice. Hruban et al (1966) 
reported the presence of protein storage droplets produced by the 
rough endoplasmic reticulum in spontaneous hepatic tumours of CgH/fGs 
mice. Essner (1967) reported intra-cellular eosinophilic droplets 
in some hyperplastic nodules of C^H mice and on ultrastructural 
examination noted lipid droplets in some widely distended rough endo­
plasmic reticulum. Toth et al (1975) noted eosinophilic bodies of a 
protein nature, originating from the rough endoplasmic reticulum in 
spontaneous hepatomas of Swiss mice. Helyer and Petrelli (1978) 
also reported similar inclusion bodies, in spontaneous hepatomas of 
CBA/H-T6T6 mice, usually present as membrane-bound bodies lying 
within the rough endoplasmic reticulum, and consisting of protein 
and phospholipid, and suggested that they might be related to a 
failure in protein transport.
Changes in the Mitochondria
In the present study bizarre mitochondrial forms, in some 
hepatocytes, appeared to be associated with long-term exposure to 
dieldrin. Swollen, ring-shaped, branching or elongated mitochondria 
were sometimes seen and parallel cristae were noted in some tumour 
and non-tumour dieldrin-treated livers. The spherical forms pre­
dominated in control tumour and non-tumour tissue. Changes have 
been reported in structure and function of mitochondria of parenchymal 
cells of rats exposed to dieldrin (Kimbrough et al 1971; Hutterer 
et al 1969). Unusual mitochondrial forms have been reported in the
- 107 -
ti
parenchymal cells of ageing mouse liver (Essner 1967). Dalton (1942) 
reported filamentous forms in induced liver tumours in C^H mice and 
spherical forms in spontaneous nodules and correlated the filamentous 
forms with increased metabolic activity of rapidly growing induced 
liver tumours. Irregularly shaped mitochondria in areas of liver cell 
hyperplasia of mice exposed to a-benzene hexachloride have also been 
observed (Ito et al 1973).
Changes in Glycogen Quantity and Distribution and Correlation 
with Enzyme Changes
In this study, diminution of glycogen was noted in the hepa- 
tocytes of both tumour and non-tumour tissue of the dieldrin-treated 
mice and in control mice with tumours. This has also been reported 
in mice with spontaneous hyperplastic nodules (Essner 1967) and in 
rats exposed to dieldrin (Hutterer et al 1969), DDT (Kimbrough et al 
1971) and a variety of carcinogens (Svoboda and Reddy 1975). The 
diminution of glycogen was usually associated with increased smooth 
endoplasmic reticulum. The close topographical relation between 
smooth endoplasmic reticulum and glycogen in normal liver cells led 
Poster and Bruni (1959) to suggest that smooth endoplasmic reticulum 
might be associated with glycogen metabolism. In the present study 
the depletion of glycogen might be the result of glycogenolysis due 
to the greater energy requirements needed for the synthesis of new 
membranes. The decrease in glucose 6-phosphatase activity was 
generally seen in the hypertrophied parenchymal cells, including some 
tumour tissue, of the dieldrin-exposed mice in which there was also 
proliferation of smooth membranes. The glucose 6-phosphatase 
reduction in tumour tissue of dieldrin-exposed mice could also be
correlated with a reduction determined biochemically in mice exposed 
to the same level of dieldrin in another study (Tennekes et al 1979). 
Orrenius et al (1965) have shown a correlation between increased 
activity of drug metabolising enzymes and decreased glucose 6- 
phosphatase activity. This would be consistent with increased 
energy requirement during smooth membrane synthesis. The depression 
of glucose 6-phosphatase in the hypertrophied cells of the dieldrin- 
treated mice was also associated with a slight increase in acid 
phosphatase activity.
Correlation of Autophagic Vacuoles and Lysosomal Acid Phosphatase 
Distribution
The pericanalicular distribution of autophagic vacuoles was 
noted in control groups at 12 months, but the dieldrin group mice 
of the same age and both control and dieldrin groups killed between 
21 and 24 months showed a more widespread distribution of autophagic 
vacuoles in parenchymal cells. No quantitative estimations of dis­
tribution were made. Occasional tumour cells of the dieldrin groups 
contained large numbers of these vacuoles (Plate 15). These findings 
could be correlated with the results of the histochemical investigation 
of acid phosphatase which showed a moderate increase in intensity and 
a wider distribution of the enzyme in dieldrin-exposed mice. Butler 
and Hemp sail (.1978) reported an increase in this enzyme in the 
centrilobular zone of livers of mice chronically exposed to 1000 ppm 
dietary phenobarbitone.
Hutterer et al (.1969) reported increased lysosomal pigment in 
the parenchymal cells of dieldrin-exposed rats. Nishizumi (1970)
also reported increased numbers of lysosomes in the livers of mice 
exposed to polychlorinated biphenyls. Changes in lysosomes after 
administration of carcinogens are considered to be variable, non­
specific and to be an indication of toxicity (Svoboda and Reddy 1975).
The findings in the present study were probably indicative of an 
increase in turnover of cell organelles and the presence of necrotic 
parenchymal cells, especially in tumour tissue.
Ultrastructural Characteristics of the Golgi, Multivesicular Bodies 
and Sinusoids
After 12 months’ exposure to dieldrin, increased numbers of 
golgi and multivesicular bodies were noted, compared with controls.
There appeared to be no consistent differences between treated and 
control groups in the numbers of golgi and multivesicular bodies of 
mice killed between 21 and 24 months. The shape of the golgi bodies 
in older mice appeared to be variable i.e. elongated, curved or 
circular.
Changes in the sinusoidal wall such as the development of basement 
membranes and tight junctions, have been reported in human liver 
tumours and human liver disease (Schaffner and Popper 1963;
Tanikawa 1968) but were found to be non-specific for tumours in the 
present study. Similar changes have been reported in spontaneous 
liver tumours and in those associated with the feeding of pheno- 
barbitone in CF1 mice (S. Linnett, personal communication). These 
alterations may be responsible for some of the intracellular changes 
in the hepatocytes.
Ultrastructural Changes Common to Control and Dieldrin Group
Mouse Liver Cells
The presence of widely distended rough endoplasmic reticulum 
was the most obvious ultrastructural change in liver tumour cells of 
both control and dieldrin groups compared with non-tumour tissue.
This has also been reported in control group liver tumours of CFl 
mice by S. Linnett (unpublished observations). In contrast Merkov et 
al (.1969) and Svoboda and Red dy (1975) observed that rat liver tumours, 
induced by carcinogens, showed no characteristic ultrastructural 
features.
Comparison of Ultrastructural Changes of Rat and Mouse Liver 
Exposed to Microsomal Enzyme Inducers and Other Chemicals
Ultrastructural characteristics of mouse liver after exposure 
to dieldrin were similar to those reported in the rat after short­
term exposures (Wright et al 1972; Kimbrough et al 1971). These 
changes comprised endoplasmic reticulum proliferation and membrane 
whorl formation, widespread autophagic vacuole distribution and 
irregularly shaped mitochondria.
Long-term exposure of the mouse to dieldrin and other compounds 
with similar microsomal enzyme-inducing properties e.g. phenobarbitone 
and a-benzene hexachloride cause marked proliferation of the smooth 
endoplasmic reticulum as well as some changes of the rough endoplasmic 
reticulum, liver cell hyperplasia and an increased incidence of liver 
tumours with metastases to the lungs (Thorpe and Walker 1973; Ito 
et al 1973; S. Linnett unpublished observations). In contrast, long-term
exposure of the rat to similar compounds results mainly in alterations 
of the smooth endoplasmic reticulum, liver cell hypertrophy and few 
changes, if any, of the rough endoplasmic reticulum, but no malignant 
liver tumour development (Kimbrough et al 1971; Crampton et al 1977a; 
Fukumori et al 1975; Rossi et al 1977; Butler 1978).
Exposure of rats to liver carcinogens, such as 3’-methyl-4- 
dimethylaminoazobenzene, aflatoxin B^ , 2 acetylaminofluorene and 
Ponceau MX, is associated with proliferation of the smooth endoplasmic 
reticulum, changes in the rough endoplasmic reticulum and the 
occurrence of malignant liver tumours (Porter and Bruni 1959; Merkov 
et al 1969; Svoboda and Reddy 1975; Grasso and Gray 1977; Crampton 
et al 1977b). Exposure of mice to a liver carcinogen, diethyl- 
nitrosamine, is also associated with changes in the liver rough 
endoplasmic reticulum, such as disorganisation, segmentation and 
vesiculation (Skinozuka and Este 1977). In vitro studies of the 
effects of carcinogens on rough endoplasmic reticulum in the rat and 
mouse indicate that there is an apparent correlation of in vitro degranu­
lation of liver rough endoplasmic reticulum and in vivo occurrence 
of liver tumours (Williams and Rabin 1971; Wright et al 1977).
In the present study free ribosomes, which may have been the 
result of degranulation, were observed in mice from all groups but 
appeared to be more common in the dieldrin group killed at 12 months 
than in the non-dieldrin groups. Degranulation due to dieldrin was 
difficult to evaluate in mice killed after 12 months due to the 
natural ageing changes of the cells.
Parke (1979) postulated that degranulation may cause changes 
in glycoprotein synthesis of the liver cells, causing an increase 
in protein for endogenous use and changes in lysosomes, mitochondria
and cell surfaces, all of which may play a role in the promotion 
process of carcinogenesis. This is consistent with the observations 
made in this study, that dieldrin exposure for 12 months was 
associated with increases in free ribosomes and changes in the rough 
endoplasmic reticulum and later with liver cell tumour development.
CHAPTER 4
An Investigation into the Effects of Liver Cell Replication 
Following Partial Hepatectomy in Rats Exposed to 
Dieldrin or N-N.itroso Compounds
Damage to genetic material by the alkylation of macro­
molecules such as DNA, by dialkylnitrosamines or other chemicals 
or by irradiation, followed by replication before the damage has 
been repaired, may be an important sequence of events in carcino­
genesis. Thus a single exposure of a carcinogen to rats, during 
marked liver cell replication, may result in liver tumours, whereas 
repeated chemical exposure may be necessary for this response in 
rats which have the normal level of liver cell replication 
(Craddock 1971, 1973a, 1976). Maini and Stich (1961) drew attention 
to the requirement for both chromosome damage and cell replication 
for liver tumours to develop in rats, following exposure to the 
aminoazo compounds. Irradiation (2000 r) which causes chromosome 
damage can result in liver tumours in rats. Moreover irradiation 
of the rat liver with lower, apparently non-carcinogenic doses (400 
or 800 r), followed by partial hepatectomy 90 days later, stimulated 
replication of the radiation-damaged cells and liver tumours 
developed (Oehlert1978).
A reduction in the latent period for the development of 
liver tumours, after chemical exposure and partial hepatectomy, 
was demonstrated by Laws (1959), who showed that rats fed 0.1% 
dietary 2-acetylaminofluorene and subjected to partial hepatectomy, 
early in the feeding period, developed tumours earlier than those
that were not partially hepatectomised.
The susceptibility of the replicating liver to chemicals 
after partial hepatectomy is also consistent with the carcinogenic 
response of the growing liver of the neonatal rat or mouse to one 
dose of certain chemicals, such as diethylnitrosamine, urethane or 
aflatoxin B^, (Della Porta and Terracini 1969; Pound and McGuire 
1978b; Lane 1967; Vesselinovitch et al 1972). The response of the 
neonatal mouse liver to aflatoxin B^  differs from that of the adult 
mouse liver which is relatively unsusceptible (Newberne 1965,
J. B. M. Gellatly, personal communication).
Chemicals such as carbon tetrachloride, which cause cell 
damage and result in replication may also promote the action of 
carcinogenic chemicals (Pound 1978; Pound and McGuire 1978a). Thus 
hyperplasia or replication of liver cells can under certain circum­
stances enhance or promote the effect of a carcinogen. The increased 
susceptibility of replicating liver cells to chemical agents, could 
be relevant for the human liver exposed to a variety of xenobiotesv
The susceptibility of replicating liver cells to carcino­
genic chemicals could be exploited to provide an in vivo screen for 
both carcinogens and pro moting agents. Such a screen has been 
proposed by Tatematsu et al (1979a) who employed the partially hepa­
tectomised rat liver exposed to a carcinogen and a chemical promoting 
agent. The effects of phenobarbitone and a-hexachlorocyclohexane 
on the development of diethylnitrosamine induced hyperplastic nodules, 
in the partially hepatectomised liver, were investigated after a 
period of 12 weeks. They reported that phenobarbitone or a-hexa­
chlorocyclohexane enhanced the formation of liver nodules in the 
partially hepatectomised rat, treated with diethylnitrosamine. These
nodules did not develop in the partially hepatectomised rats exposed 
to phenobarbitone or a-hexachlorocyclohexane alone. The findings 
are consistent with the enhancing effects of the microsomal enzyme 
inducers, phenobarbitone or DDT, on 2-acetamidominofluorene-induced 
liver tumours in rats (Peraino et al 1975).
Long-term studies in rats fed microsomal enzyme inducing 
chemicals showed no carcinogenic response (Walker et al 1969; Butler 
1978, N.C.I. Bioassay 1978). Rossi et al (1977) reported liver 
tumours in Wistar rats fed DDT or phenobarbitone, for up to 152 weeks, 
but without any evidence of metastases. If these types of chemicals 
were tumourigenic for the rat one would expect the effect to be pro­
moted during restorative hyperplasia, following partial hepatectomy. 
The long-term effects of microsomal enzyme inducing chemicals on 
rats after partial hepatectomy, have not been reported previously.
The response of the liver to the long-term feeding of such a chemical 
dieldrin, to rats following partial hepatectomy, was investigated.
Two positive control chemicals were included in the study, diethyl­
nitrosamine, a known rat liver carcinogen (Argus and Hoch-Ligeti 
1961; Druckrey et al 1963) and N-methylnitrosourea, which has been 
reported to be carcinogenic for rat liver only after partial hepa­
tectomy (Craddock and Frei 1974).
EXPERIMENTAL METHODS
Materials
Diethylnitrosamine in distilled water 60 mg/ml, Batch A4X was 
supplied by Eastman Kodak.
N-Methylnitrosourea in citrate buffer, pH 6.6, 15 mg/ml.
Batch 4484 was supplied by Sigma Chemicals.
Dieldrin (Technical quality) contained >99% of the pure
compound 1,8,9,10,11,ll-hexachloro-4,5-exo-epoxy-2,3-7,6-endo-2,
3 6 21^ -7,8-exo-tetracyclo [6.2.1.1 ’ 0 ,7]dodec -9-ene. It was supplied 
by Analytical Chemistry Division of Shell Biosciences Laboratory.
Dimethyl sulphoxide (DMSO) was supplied by Hopkin and Williams.
Preparation of Diet
Dieldrin was first dissolved in a small quantity of acetone 
AR and was then mixed with Laboratory Animal Diet supplied by 
Spillers Spratts (LAD 2), to a concentration of 20 ppm. A similar 
volume of acetone was added to the control LAD 2 diet. See Appendix 
1 for diet composition.
Experimental Procedure
One hundred and sixty-five specific pathogen-free (SPF) male CD 
rats were supplied by Charles River U.K. Ltd.
On arrival in the specific pathogen-free experimental unit 
of Tunstall Laboratory, at approx. 3 weeks of age, siblings were 
placed in polypropylene cages (supplied by North Kent Plastic Cages 
Ltd., Dartford, Kent) and allowed free access to expanded diet 
(Spillers Spratts Laboratory Animal Diet LAD 1; see Appendix 1). At 
7 weeks of age they were weighed, uniquely identified by ear marks 
and were randomised to treatment groups. They were singly housed 
and fed powdered diet LAD 2, from non-spill powder food hoppers 
(supplied by North Kent Plastic Cages Ltd., Dartford, Kent) and water 
ad libitum.
Throughout the study the rats were held in one room of an 
SPF experimental animal unit and maintained at a temperature of 21°C 
± 2°C and a relative humidity of 50% with 6 air changes per hour.
The rats were allocated to treatment groups as follows and 
were partially hepatectomised between 8 and 9 weeks of age.
12 Months’ 
Exposure
18 Months 
Exposure
Controls. Orally dosed with dimethyl- 
sulphoxide 22 hours after partial 
hepatectomy. Fed LAD 2 diet. 10 30
Injected with 60 mg N-methylnitro- 
sourea/kg body weight intraperi- 
toneally 24 hours after partial 
hepatectomy. Fed LAD 2 diet. 13
+
30
Injected with 50 mg diethylnitros- 
amine/kg body weight intraperi- 
toneally 24 hours after partial 
hepatectomy and at weekly intervals 
for a further 3 weeks. Fed LAD 2
diet. 12+ 30
Orally dosed with 30 mg dieldrin/kg 
body weight in 3% dimethyl sulphoxide 
22 hours after partial hepatectomy 
followed by 20 ppm dieldrin in LAD 2
diet for remainder of study. 10 30
Three extra N-methylnitrosourea group rats and 2 extra 
diethylnitrosamine group rats were included, but were not 
part of the initial allocation and randomisation to blocks 
and were therefore excluded from liver and body weight 
analyses.
+
Each treatment group was further randomly divided so that 
between 5 and 8 rats from each group were partially hepatectomised 
on each of 8 days between 08.30 and 11.30. The rats were anaesthe­
tised with ether and partially hepatectomised according to the
2method of Higgins and Anderson (1931), in which -j of the liver was 
removed. The rats were given 5% glucose solution as drinking water 
for 2 days after surgery.
Observations
During the study the rats were observed daily for general 
health and were weighed on the day of partial hepatectomy, monthly 
and at necropsy. Liver weights were recorded at scheduled necropsies 
Any sick or dead rats and all rats surviving to the end of the study 
were sent for necropsy. Surviving rats were given a lethal dose of 
intra-peritoneal sodium pentobarbitone. After gross examination of 
all tissues a wide range of tissues including both normal areas and 
lesions, when observed, were removed and fixed in 4% neutral formalin 
These tissues comprised brain, heart, liver, spleen, kidneys, testes, 
ovaries, stomach and pancreas, lymph nodes, prostate, thyroid, 
thymus, parathyroid, eye, lungs, pituitary, adrenals, intestines, 
oesophagus, salivary gland, urinary bladder, limb-bone, skeletal 
muscle, peripheral nerve and skin. In addition any other tissues 
showing pathological changes were also taken and fixed.
Blocks of liver from right, caudate and triangular lobes and 
blocks of each lung lobe and representative blocks of tumours from 
other tissues e.g. spleen, lymph nodes, mandible and Zymbal’s gland 
were processed through graded alcohols, embedded in paraffin wax.
Five pm sections were cut and stained with haematoxylin and eosin 
for microscopical examination.
RESULTS
Survival Data
Survival data for the 52 weeks group are given in Figure 1 
and for the 78 weeks group are given in Figure 2 ,
Survival for the N-methylnitrosourea 
groups was poor; all were dead by week 64. Survival of the control and 
dieldrin group rats was similar and greater than rats of the diethyl­
nitrosamine group as shown below.
Survival at 52 weeks Survival at 78 weeks 
Control 100 % 77 %
N-Methylnitrosourea 23 .% 0 %
Diethylnitrosamine 92 ■% 10 %
Dieldrin 90 % 70 %
Body Weight and Liver Weight Data Analyses
Mean monthly body weight values, up to 78 weeks, are presented 
in Table 1. All three treated groups had significantly lower body 
weights at week 1,compared with the controls. Weeks 4 and 8 body 
weights of the diethylnitrosamine group rats were significantly 
lower than controls, a reflection of the toxicity of repeated in­
jections. A reduction in body weights of this group, compared with 
controls was also recorded at week 72. Terminal body weights of the 
3 surviving groups at the 78 week necropsy showed no significant 
differences. Liver weights recorded at 52 and 78 week necropsies 
were significantly different for the diethylnitrosamine group, which 
were higher than the control group (Tables 2 and 3). These differ­
ences in liver weights could be accounted for by the pathological
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Table 1 - Body weights of male CD rats exposed to dieldrin, diethylnitrosamine or N-methylnltrosourea for up to 78 weeks
Treatment group
Mo. of rats at 
commencement of 
study
Mean bodyweight at week
-1 0 1 4 8 12 16 20
Control 40 263
+
348
+
-2
371
d+
-2
435
d+
-2
485
+
-2
526
+
-2
536
+
-2
555
60 mg N-methylnitrosourea/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy
40 258 343
**
356 426 478
-1
513
-3
526
-7
549
50 mg diethylnitrosamine/ 
kg body weight injected 
intraperitoneally 24 hours 7 
after partial hepatectomy 
and repeated 3 times at 
weekly intervals
40 263 350
**
356
**
413
*
470 512 524 546
30 mg dieldrin/kg body 
weight dosed orally 22 hours 
after partial hepatectomy and 
continued as 20 ppm in diet
40 259 345
**_2
•359
-2
437
-2
497
-2
533
-2
547
-2
557
Standard deviation of 
a single observation 22.1 15.1 20.7 19.7 25.1 30.4 32.1 34.2
Treatment group
So. of rats at 
commencement of 
study
Mean bodyweight at week
52 week
scheduled
necropsy
24 28 32 36 40 44 48 52
Control
40
+
-2
575
+
-2
594
+
-2
616
+
-2
625
+
-3
638
+
-3
633
+
-3
636
+
-3
634 645(10)
60 mg N-methylnitrosourea/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy
40
-11
564
-16
585
-20
617
-23
618
-25
627
-26
616
-31
598
-33
577 584(3)
50 mg diethylnitrosamine/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy 
and repeated 3 times at 
weekly Intervals
40 567 585 612
-1
620
-1
628
-1
622
-1
622
-2
614 620(11)
30 mg dieldrin/kg body 
weight dosed orally 22 hours 
after partial hepatectomy and 
continued as 20 ppm in diet
40
-2
576
-2
592
-2
615
-2
635
-3
640
-3
626
-3
626
-3
617 609(9)
Standard deviation of 
; a single observation 36.2 37.5 38.6 41.9 47.7 42.6 47.4 51.3 58.9
Contd.
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Table 2 - Liver weights of male CD rats necropsied at 52 weeks after partial hepatectomy
Treatment group No. of Initial 
body weight 
(g)
Terminal 
body weight 
(g)
Mean organ weight
rats
Liver Liver
. + d ++
Control
10 314 645 18.6 17.6
60 mg N-methylnitrosourea/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy
3 323 584 16.5 18.1
50 mg diethylnitrosamine/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy 
and repeated 3 times at 
weekly intervals
11 322 620 20.5 20.5*
30 mg dieldrin/kg body 
weight dosed orally 22 hours 
after partial hepatectomy and 
continued as 20 ppm in diet
9 312 609 17.5 18.0
Standard deviation of 
a single observation 22.2 58.9 3.3 2.3
*P < 0.05 Significance of the difference
between treated and control means
+ Indicates values adjusted for initial body weight
++ Indicates values adjusted for terminal body weight
d Indicates Dunnett's test used
- 125 -
Table 3 - Liver weights of male CD rats necropsled at 78 weeks after partial hepatectomy
Treatment group No. Of  
rats
Initial 
body weight 
(g)
Terminal 
body weight 
(g)
Mean organ weight
Liver Liver
Control 23 368 659
d + 
16.9
d ++ 
17.2
60 mg N-methylnitrosourea/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy .
0 - - - -
50 mg diethylnitrosamine/ 
kg body weight injected 
intraperitoneally 24 hours 
after partial hepatectomy 
and repeated 3 times at 
weekly intervals
3 340 638 29.8** 29.5**
30 mg dieldrin/kg body 
weight dosed orally 22 hours 
after partial hepatectomy and 
continued as 20 ppm in diet
21 356 659 17.4 17.2
Standard deviation of 
a single observation 32.0 75.0 2.5 2.1
Significance of the difference
**P < 0.01 between treated and control means
+ Indicates values adjusted for initial body weight
++ Indicates values adjusted for terminal body weight
d Indicates Dunnett's test used
lesions which included tumours in the diethylnitrosamine group.
The dieldrin-exposed rats showed no significant increases in liver 
weights, compared with controls, at either 52 or 78 weeks. Higher 
levels of dieldrin-exposure may be necessary for 
increased liver weights to be recorded in rats (Ferrigan et al 1965; 
Walker et al 1969).
Clinical Observations Made During the Study
Ulcerated hocks were observed in some rats from all groups, 
particularly in the older rats.
Control Group
Two control group rats died during or after partial hepa­
tectomy. There were 5 losses between 39 and 70 weeks,associated 
with debility and weight loss or an eye injury.
Dieldrin Group
During the study 10 rats died or were removed from the study 
due to debility or due to the presence of subcutaneous masses.
N-Methylnitrosourea Group
Losses during the study were heavy in this group. Debility 
was first observed approximately 2 months after partial hepatectomy. 
This was associated with weight loss, anorexia,pale eyes, or corneal 
opacity. Jaundiced mucous membranes and partial posterior paralysis 
were also observed in some rats. A few rats showed unilateral sub­
cutaneous masses on the face below the ear pinnae (Plate 36) or on 
the mandible. Losses reached a peak at 6 months and no rats survived
Plate 36 Hale rat 151 injected intra-peritorieally with 60 mg 
N^ethylnitrosourea/kg body weight, 24 hours after 
partial hepatectomy, and killed after 51 weeks owing 
to an ulcerated swelling, a tumour of Zymbal’s gland 
(arrow), below left ear.
Plate 37 Male rat 139 orally dosed with 30 mg dieldrin/kg body 
weight 22 hours after partial hepatectomy, followed 
by 20 ppm dietary dieldrin for remainder of study. 
Killed at end of trial, at 78 weeks. Liver shows 
mild enlargement of centrilobular parenchymal cells 
with clumping of chromidial material (arrow) 
magnification x 80.
1  c m
Plate 36 ^-----
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Plate 37
longer than 64 weeks after partial hepatectomy.
Diethylnitrosamine Group
Losses commenced approximately 4 months after partial hepa­
tectomy and continued steadily during the trial reaching a peak at 
12 months. Clinical signs observed in these rats were pale eyes, 
anorexia, loss of weight and sometimes corneal opacity. Three 
rats survived until the end of the 18 month period.
Necropsy and Microscopical Examination of 12 Months1 Groups
Control Group Necropsy Findings
Examination of the control group livers at necropsy revealed 
few lesions. Those present comprised occasional small haemorrhagic 
foci, pin-point cysts and post-operative adhesions to the diaphragm, 
omentum or between individual liver lobes. The liver of <? 3 had a 
pale, rough, fatty appearance with a marked lobulated pattern.
Dieldrin Group Necropsy Findings
At necropsy similar liver changes to those described for the 
controls were found in the dieldrin groups. These changes comprised 
small haemorrhagic and cystic areas, a marked lobulated pattern 
and an adhesion to the diaphragm. Two livers (d*27 and cf737) had a 
friable consistency.
Microscopical Examination of Livers of Control and Dieldrin-exposed 
Rats (Table 4)
These livers showed a similar range of minor background patho-
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logical lesions. These included a few foci of parenchymal cells up 
to 1 lobule in diameter showing altered cellularity. The morphology 
of the parenchymal cells of these foci varied from moderately 
enlarged eosinophilic cells to those with reduced staining of the 
cytoplasm. Variable nuclear size was noted, some nuclei were 
large and others showed a condensed appearance. Some foci with 
enlarged eosinophilic cells were often composed of single cords of 
liver cells separated by dilated sinusoidal spaces and occasionally 
showing areas that appeared to be undergoing hydropic degeneration.
The foci described usually showed some compression of the surrounding 
parenchyma. Other minor changes included foci of hydropic degenera­
tion, usually less than 1 lobule in diameter, mild bile ductule 
proliferation, sometimes associated with mild dilatation, increased 
stroma and small inflammatory cell infiltrates.
The livers of the dieldrin-exposed groups of rats revealed 
compound-related changes observed as mild enlargement of the centri- 
lobular parenchymal cells often with glassy appearance and usually 
associated with peripheral margination or clumping of the cytoplasmic 
chromidial material (Plate 37). These enlarged cells sometimes 
contained ring-shaped, eosinophilic, cytoplasmic inclusion bodies.
These changes were not found in the control group livers.
Diethylnitrosamine Group - Necropsy Findings
At necropsy most of the diethylnitrosamine exposed livers showed 
a nodular appearance, some nodules were well defined and up to 2 cm 
in diameter and others formed confluent masses. The cut surfaces 
revealed cystic and haemorrhagic foci or firm,solid liver tissue. Non- 
nodular livers appeared to be pale and fatty with a marked lobular
pattern and multiple cystic foci up to 7 mm in diameter; haemorr­
hagic foci,sometimes depressed,and up to 2 cm in diameter and pale 
pin-point foci were observed. The right liver lobes most commonly 
showed liver nodules. Rat No.39 killed after 47 weeks with evidence 
of enteric disease showed cysts and pale or haemorrhagic foci up 
to 2 mm in the liver.
Kidney tumours observed as well-circumscribec^ raised, cream 
masses up to 2 cm in diameter were a common necropsy finding in this 
group.
Microscopical Examination of Livers of Diethylnitrosamine-Exposed 
Rats (Tables 4 and 5)
In contrast to the control and dieldrin-exposed livers those 
of the diethylnitrosamine group showed nodular hyperplasia (Plate 
38). The parenchymal cells of some of the nodules showed eosino­
philic, glassy cytoplasm, often with clumping or peripheral 
margination of the chromidial material, with occasional ring-shaped 
inclusion bodies. These cytoplasmic characteristics were sometimes 
seen in parenchymal cells of extra-nodular tissue. These nodules 
were found in association with other changes of the liver such as 
mildly increased stroma, areas of necrosis, foci of hydropic de­
generation and cysts up to 7 mm in diameter. Proliferated bile 
ductules, often dilated, and with increased stroma and inflammatory 
cell aggregates were noted more frequently in livers from this group 
compared with dieldrin and control group livers. Four rats showed 
hepatocellular carcinomata up to 2 cm in diameter, composed of cords 
of parenchymal cells forming sheets, trabeculae or acinar structures 
None of these tumours showed metastases to the lungs. One tumour
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Plate 38 Male rat 1 injected with 50 mg diethylnitrosamine/kg 
body weight 24 hours after partial hepatectomy and at 
weekly intervals for 3 weeks. Killed at 52 weeks at 
interim necropsy. Hyperplastic nodules up to 1.5 cm 
in diameter (arrow) also multiple cysts (double arrows) 
Kidney shows adenocarcinoma (K).
Plate 39 Male rat 161 injected intra-peritoneally with 60 mg 
N-methylnitrosourea/kg body weight 24 hours after 
partial hepatectomy and killed at 52 week necropsy. 
Liver shows focus of hyperplastic parenchymal cells 
< 2 lobules in diameter showing dilated sinusoids 
(arrow) and areas of hydropic degeneration (double 
arrows). Magnification x 80.
1 cm
Plate 38
Plate 39
showed intra-cytoplasmic ring-shaped inclusion bodies. One diethyl- 
nitrosamine rat (c^ 39) from this group died early, at 47 weeks.
Nodular hyperplasia was observed in this liver.
N-Methylnitrosourea Necropsy Findings
Three N-methylnitrosourea exposed rats survived to 52 weeks, 
one of which showed small cystic and haemorrhagic foci of the liver. 
Four of the rats (c^ 7, 9, 26 and 32) removed from the study between 
14 and 20 weeks because of the presence of subcutaneous masses, showed 
enlarged livers weighing between 41 and 56 grams with orange-peel 
surface texture, marked lobulation, friable consistency and a few 
haemorrhagic, cystic or necrotic foci. The spleens of these 4 rats 
were also enlarged, weighing up to 15 grams and measuring up to 8 x 
2 cm. The remaining rats dying between 29 and 49 weeks showed pale 
and sometimes friable livers, with small cystic or haemorrhagic foci.
Microscopical Examination of the Livers of N-Methylnitrosourea- 
Exposed Rats (Table 4)
Microscopical examination of the livers of the 3 rats (<^ 20, 161 
and 162) surviving to 52 weeks revealed a few foci of enlarged 
parenchymal cells up toZ lobules in diameter with alteredcellularity, 
and separated by dilated sinusoids and often associated with hydropic 
degeneration (Plate 39).
The 10 rats of this group that died before the end of this 
period showed minor pathological changes of the liver. Two of these 
rats showed foci of parenchymal cells with altered cellularity, less 
than 2 lobules in diameter, occasional cytoplasmic vacuolation, 
single necrotic parenchymal cells, small foci of hydropic degeneration 
small cysts, proliferated and dilated bile ductules associated with
increased stroma and inflammatory cells.
Microscopical examination of the 4 rats with liver, spleen 
and lymph node enlargement revealed generalised lymphoblastic 
lymphosarcoma in 2 rats and myeloid or stem cell leukaemia in the 
other 2 rats.
Necropsy of the 78 Weeks Group
Control Group Necropsy Findings
Two of the 30 rats of the control group died under anaesthesia 
or within 24 hours after partial hepatectomy. There were 5 additional 
losses between 39 and 70 weeks due to tumours of the pituitary gland 
or hard palate, an intra-abdominal mass or an eye injury. Only 
one of these rats^  <7* 100,showed a liver lesion at necropsy, a small 
haemorrhagic focus.
The rats necropsied at 78 weeks showed minor liver changes 
comprising small adhesions to the diaphragm, marked lobulation of 
the surface, pin-point, pale, haemorrhagic or cystic foci and 
occasional small depressed lesions up to 3 mm in diameter. Atrophied 
caudate lobes were noted in 2 livers. One liver (cT 146) showed 
small raised haemorrhagic lesions up to 3 mm in diameter on all lobes. 
Microscopical Findings of the Control Group Livers (Table 4)
These showed similar minor pathological changes as in those 
examined after 52 weeks. One rat (c? 146) showed a 3 mm hyperplastic 
nodule composed of eosinophilic parenchymal cells with some mitoses 
and areas of hydropic degeneration; lobular architecture was main­
tained.
Neoplasia in Other Tissues
Several control group rats showed the presence of tumours at 
necropsy; these comprised pituitary adenomata and one rat with a 
large anaplastic carcinoma.
Dieldrin Group Necropsy Findings
Nine rats died before the end of the 78 weeks’ exposure. Two 
of these rats (j?*120 and c^ 69) died 6 and 9 days respectively after 
surgery. Rat 0^120 showed cystitis and hydronephrosis. The remain­
ing 7 rats died or were removed from the study because of subcut­
aneous masses a pituitary or brain tumour . Gross examination of 
their livers revealed minor changes such as marked lobulation, pin-
V
point cysts or an adhesion to the diaphragm.
The rats that survived to 78 weeks showed similar minor liver 
changes at necropsy, such as marked lobulation, or an orange- 
peel surface; small depressed lesions, pin-point cysts and small 
haemorrhagic foci were also observed.
Microscopical Findings of the Dieldrin Group Livers (Table 4)
The microscopical changes described for the control group 
livers were also found in the dieldrin groups and were comparable in 
incidence with the exception of mild bile ductule proliferation, which 
had a higher incidence in the dieldrin groups than in the controls. 
Changes found in the dieldrin group and not in the controls comprised 
mildly enlarged centrilobular and sometimes midzonal parenchymal 
cells,showing glassy cytoplasm and peripheral margination of the 
cytoplasmic contents and sometimes inclusion bodies.
One rat (d7121) had a 2 mm diameter slightly basophilic nodule 
showing a few mitoses and causing pressure on the surrounding 
parenchyma, with normal lobular architecture maintained. The foci 
of parenchymal cells, with altered cellularity, were similar to those 
found in the controls in both size and characteristics, with the 
exception of occasional inclusion bodies which were found in some 
» parenchymal cells of the dieldrin-exposed livers.
Neoplasia in Other Tissues
Several dieldrin group rats showed mammary or pituitary 
tumours at necropsy and one rat had a brain glioma.
Diethylnitrosamine Group Necropsy Findings
Only 3 diethylnitrosamine exposed rats survived to 78 weeks. 
Multiple nodules, sometimes confluent, were observed mainly on the 
right and caudate lobes. These masses were up to 4 cm in diameter.
The cut surfaces showed pale,firm liver tissue, sometimes with cystic 
or necrotic areas. The extra-nodular areas showed multiple cysts 
up to 8 mm in diameter and some depressed haemorrhagic lesions.
Rats that died or were lost from the study before 78 weeks, 
with one exception, had one or more tumours of the liver, kidney, brain, 
lung, pituitary or nasal cavity.
Fourteen of the rats dying or killed before 78 weeks showed 
blood in the abdominal cavity,due to ruptured liver tumours. Free 
blood was also found in the thoracic cavity in some of these rats due 
to ruptured haemorrhagic lung tumours (Plate 40). The liver tumours 
of these rats were observed as multiple, raised and sometimes 
pedunculated haemorrhagic nodules up to 3 cm in diameter (Plate 41).
The cut surfaces showed haemorrhagic and necrotic foci and sometimes
Plate 40
Plate 41
Male rat 115 injected intra-peritoneally with 50 mg 
diethylnitrosamine/kg body weight 24 hours after 
partial hepatectomy and at weekly intervals for 3 
weeks. Found dead after 60 weeks with ruptured 
liver tumours. Lungs show multiple, raised, haemorr­
hagic foci (arrow) which are metastases of sarcoma 
in liver of Plate 41.
Liver of rat 115 showing multiple, nodular masses 
of pale liver tissue, composed of anaplastic tumour 
cells including giant cells, spindle and polygonal 
cells, some areas resembled haemangiosarcomata.
Plate 41
1 cm
a large blood clot enclosed by a fibrous capsule. The lungs of these 
rats often showed multiple haemorrhagic foci up to 2 cm in diameter 
and sometimes raised above the surface of the surrounding lung tissue. 
The mediastinal lymph nodes were sometimes enlarged and haemorrhagic 
in these rats. Haemorrhagic foci were also observed in the mesentery. 
Other liver tumours observed were pale, sometimes cream-coloured, 
composed of pale, firm liver tissue (Plate 42). The rest of the liver 
had a pale, rough and fatty appearance with necrotic foci and multiple 
cysts up to 1 cm in diameter.
Microscopical Findings in the Diethylnitrosamine-Exposed Livers 
(Tables 4 and 5)
In contrast to the control and dieldrin groups, diethylnitros­
amine group livers showed neoplasia and much liver damage. Twenty 
of the 30 rats had liver tumours, 8 had sarcomata and 16 had hepato­
cellular carcinomata, 3 of which also showed anaplastic tumours 
associated with haemorrhage. Four rats had sarcomata and carcinomata.
Nodular hyperplasia was present in all rats. The presence of 
liver damage was indicated by necrotic foci, cytoplasmic vacuolation 
of the parenchymal cells, large multilocular cysts formed from the 
coalescence of areas of hydropic degeneration; bands of fibrous 
tissue often separated individual nodules or tumours. There was 
also marked bile ductule proliferation, sometimes with dilatation and 
marked cholangiolitis. Areas of cystic hyperplasia were noted and one 
rat showed a cholangiocellular carcinoma. Six rats showed occasional 
enlarged parenchymal cells with glassy cytoplasm, inclusion bodies 
and sometimes peripheral margination of the chromidial material. These 
were observed in the centrilobular or midzonal cells.
Plate 42 Male rat 43 injected intra-peritoneally with 50 mg 
diethylnitrosamine/kg body weight 24 hours after 
partial hepatectomy and at weekly intervals for 3 
weeks. Killed at 75 weeks owing to debility.
Right lobe shows 6 x 4 x 4 cm hepatocellular 
carcinoma composed of a mass of confluent nodules 
(arrows). Caudate lobe showed ruptured haemorr­
hagic nodule. All lobes show cystic and haemorr­
hagic foci. This tumour metastasised to the lung.
Plate 43 Male rat 106 injected intra-peritoneally with 50 mg 
diethylnitrosamine/kg body weight 24 hours after 
partial hepatectomy and at weekly intervals for 3 
weeks. Killed at 78 weeks at end of trial. Hepato­
cellular carcinoma ( 4 x 3 x 3  cm) showing trabeculae 
and acini separated by blood-filled spaces. Tumour 
cells are eosinophilic with prominent nucleoli. 
Magnification x 80.
1 cm
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Plate 43
Areas of nodular hyperplasia were composed of individual 
nodules, often forming confluent masses. Morphologically they were 
composed of either eosinophilic cells with glassy cytoplasm, a few 
of which showed inclusion bodies, or less commonly basophilic cells 
forming trabeculae or irregular cords. They often enclosed areas 
of dilated sinusoids, necrosis and bile ductule proliferation.
Mitoses were not uncommon. Two rats showed nodules with acinar 
formation.
Hepatocellular carcinomata were distinguished from hyper­
plastic nodules by their larger size (up to 6 cm in diameter), bizarre 
cellular morphology and infiltration of vessels within the liver 
and sometimes occupation of the whole lobe. Two of these rats showed 
liver tumour cell emboli in the lungs. Hepatocellular carcinomata 
were composed of trabeculae or acini of eosinophilic or slightly baso­
philic staining cells which often showed hyperchromatic nuclei 
(Plate 43). Mitoses were commonly present. Areas of necrosis, 
haemorrhage and occasional mineralised foci were present within 
the tumours or in adjacent liver tissue; large infarcted areas were 
not uncommon. Ruptured liver tumours were sometimes observed at 
necropsy. The carcinomata often appeared to be multicentric in dis­
tribution throughout a liver.
One rat (d7 57) showed a carcinoma of the pseudoglandular type 
which consisted of pale eosinophilic parenchymal cells forming acini 
and sometimes enclosing desquamated cells. The nuclei of the cells 
were central and contained more than one nucleolus typical of paren­
chymal cells.. There was little inter-acinar stroma. The tumour 
showed obvious infiltration of the surrounding liver. Two rats with 
hyperplastic nodules (d*78 and c^ llO) showed this type of morphology 
within the nodules.
Three rats (c?57, 93 and 106) with hepatocellular carcino­
mata also showed tumours composed of deeply-stained anaplastic cells. 
The component cells ranged from polygonal cells lying in nests, 
attached to a stromal capsule, to bizarre cells. Necrotic areas and 
blood-filled spaces were frequently associated with these cells 
(Plate 44). Male 57 showed thick cords of these cells lying in blood- 
filled spaces. The pseudoglandular tumour appeared to be closely 
associated with this tumour. This rat showed some necrotic cell 
emboli in the lungs which could have been from either of these 
tumours (Plate 45). Male 93 showed metastases of these anaplastic 
tumour cells in the~^ungs7V Fibrous tissue in the form of a capsule 
sometimes surrounded these tumours and some of the vascular spaces 
associated with the capsule resembled haemangioendotheliomata but 
may have developed as granulation tissue.
The sarcomata varied from spindle or polygonal cells to pleo­
morphic cells. Sometimes giant cells were observed. Stroma was 
variable in quantity and mitoses were common. Thick fibrous capsules 
sometimes enclosing necrotic areas and blood-filled spaces with 
thrombi commonly formed part of the sarcoma. One of these tumours 
showed areas that resembled haemangiosarcoma. In most instances 
these sarcomata appeared to have developed as primary tumours of the 
liver, but those of 68 and 101 may have been secondary tumours in 
the liver, however since all tissues were not routinely examined 
microscopically, it was impossible to'establish this. Male 99 
showed the sarcoma in pancreas, and omentum as well as liver. Five 
of the rats with sarcoma of the liver showed metastases to the lungs, 
in the form of pleomorphic, anaplastic, bizarre or giant cells.
These metastases varied in size from tumour cell emboli to well
Plate 44 Male rat 93 injected intra-peritoneally with 50 mg 
diethylnitrosamine/kg body weight 24 hours after 
partial hepatectomy and at weekly intervals for 3 
weeks. Sent for necropsy at 71 weeks due to debility. 
Liver showed hepatocellular carcinoma and also a 
basophilic tumour (shown in micrograph), composed of 
polygonal cells lying in nests. Many mitoses observed. 
This tumour was associated with areas of necrosis and 
haemorrhage and was surrounded by a fibrous capsule. 
Magnification x 80.
Plate 45 Male rat 93. Lung metastases of liver tumour of Plate 
44 showing masses of anaplastic and basophilic tumour 
cells. Widespread haemorrhage and alveolar oedema 
also recorded. Magnification x 80.
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Plate 45
established metastatic lesions up to 2 cm in diameter.
Neoplasia in Other Tissues
In addition to liver tumours, rats exposed to diethylnitros- * 
amine showed macroscopic tumours of kidney and occasionally of lung and 
brain tissue. Representative samples were examined from kidney and 
lung tumours of some rats. These were found to be kidney adenomata 
and adenocarcinomata and bronchial adenomata and adenocarcinomata .
N-Methylnitrosourea Necropsy Findings
All rats had died or had been killed by the 64th week. Necropsy 
revealed one or more tumours in many rats, such as tumours of Zymbal’s 
gland (Plate 36), the pituitary gland, cutis and subcutis, the kidney, 
intestines and those attached to the sternum and diaphragm. One rat 
died from haemorrhage after liver rupture. The livers of 10 rats 
were large, weighing between 18 and 53 grams, with a swollen appearance, 
and of a friable and fatty consistency^ pin-point cysts and haemorr­
hagic foci were also recorded. Their spleens were usually enlarged 
and the lymph nodes were also prominent. These and many other 
tissues had a greenish appearance in 3 rats. Some of these rats had 
shown partial posterior paralysis before necropsy.
Microscopical Examination of N-Methylnitrosourea~Exposed Livers 
(Table 5)
Tumours or widespread nodular hyperplasia were not found in 
livers of this group. Two rats, <^85 and 148 had single hyperplastic 
nodules, measuring up to 1 cm in diameter showing parenchymal cells 
with slight basophilia or reduced cytoplasmic staining and with dilated
sinusoids, cytoplasmic vacuolation and hydropic degeneration. Thirteen 
rats showed foci of parenchymal cells with altered cellularity up to 
2 lobules in diameter, composed of enlarged eosinophilic cells with 
glassy cytoplasm and with dilated sinusoids. Incidences of necrosis, pro­
liferated and dilated bile ductules, cholangiofibrosis, cholongiolitis 
and hydropic degeneration were similar to the control and dieldrin groups. 
Foci of hydropic degeneration and large cysts were less common in this 
group than in the diethylnitrosamine exposed livers. Ten rats of this 
group had livers infiltrated by neoplastic lymphoid, myeloid or stem-cells 
and microscopical examination of spleen and lymph nodes revealed 
generalised lymphoblastic lymphoma, stem-cell leukaemia, or myeloid 
leukaemia. Three of the rats with myeloid leukaemia (chloroleukaemia) 
showed a greenish appearance of spleen and lymph nodes at necropsy. 
Posterior paralysis had been observed in some rats that showed lympho­
blastic or stem-cell infiltration in meninges, brain and spinal cord.
Neoplasia in Other Tissues
In addition to the tumours of the lymphoid 
tissue, rats exposed to N-methylnitrosourea showed macroscopic tumours 
of a variety of tissues as already mentioned. Tumours of the intes­
tines (up to 1.5 cm in diameter), were pedunculated, extending from 
the mucosal surface into the lumen. The presence of these tumours 
was associated with gross distension of the intestines, proximal to 
the tumour, and with intussusception distally. Two rats showed amelo­
blastoma of the mandible, involving the upper jaw. These were first 
noted as facial swellings 6 - 8  months after N-methylnitrosourea 
injection. They were up to 3 x 2.5 x 2 cm in size. They were present 
as hard swellings with some haemorrhagic spaces and their 
microscopical appearance showed them to be composed of neoplastic
enamel organ epithelium with many small denticles, necrotic material 
and giant cells.
Several rats showed unilateral Zymbal’s gland tumours, measuring 
up to 3 x 2 x 2 cm. The right gland was more commonly affected than 
the left. They were observed as facial swellings^  sometimes showing 
ulceration, below the ear pinnae. The cut surface revealed a papillary 
growth pattern and sometimes contained cream caseous material or 
greenish pus from which staphylococci, streptococci and proteus were 
isolated. Their microscopical appearance showed that they were 
sebaceous or squamous cell carcinomata. These were first noted 
between 5 and 11 months after exposure.
A few rats showed fibrosarcomata, either involving the skin 
or diaphragm and ventral abdominal muscle. The largest of these 
tumours measured 5 x 4 x 3  cm. One rat showed a rhabdomyosarcoma 
of the diaphragm which measured 3 x 3 x 2  cm. These sarcomata most 
probably arose at the site of injection.
DISCUSSION
The Effects of Dieldrin on the Partially Hepatectomised Liver
Commencement of dieldrin exposure of rats, at the height of 
liver DNA synthesis, following partial hepatectomy, when a large pro­
portion of liver cells had been stimulated to undergo mitosis, and 
continuation of exposure for 78 weeks; did not result in liver neo­
plasia, when the rats were killed at approximately 86 weeks of age.
This finding is consistent with the results of mutagenicity and in 
vivo DNA alkylation studies, which have proved negative for dieldrin 
(Wright et al 1977; Dean and Doak 1975).
Microscopical examination of the livers revealed mild, zonal 
parenchymal cell enlargement and intra-cytoplasmic inclusion bodies, 
similar to the smooth membrane whorls,previously reported in the rat 
liver (Kimbrough et al 1971) and in the mouse liver (unpublished 
observations by the author) after exposure to dieldrin and other 
microsomal enzyme inducing agents (Ito et al 1973). These changes 
are indicative of parenchymal cell hypertrophy (Wright et al 1972).
A low level of background pathological changes were observed in 
the livers which were similar to those found in the controls of this 
and other studies of CD rats of a similar age group (unpublished 
observations by the author). This was not a life-time study since 
it was terminated when the rats were approximately 86 weeks old, 
when 76.6% of the control group survived. Survival of the dieldrin 
group rats was similar to the controls, at the end of the study. 
Survival of rats exposed to N-methylnitrosourea and diethylnitros­
amine was lower compared with controls. This commonly occurs 
following exposure to carcinogens.
Chemicals such as phenobarbitone and a-hexachlorocyclohexane 
have been shown to be promotors of rat liver cell neoplasia following 
exposure to a carcinogen (Peraino et al 1971, 1975 and 1977; Schulte- 
Hermann 1978). Liver regeneration, following partial hepatectomy 
has also been shown to be a promotor of carcinogenesis following 
administration of diethylnitrosamine to rats. Pound and McGuire 
(1978b) carried out repeated partial hepatectomy in rats, following 
diethylnitrosamine exposure and showed that there were increases, 
both in the numbers of liver tumours and proliferative foci of liver 
cells and concluded that partial hepatectomy provided the promoting 
stimulus after the initiating dose of carcinogen. When dieldrin was
tested for any potential carcinogenic effects in the rat liver, 
following partial hepatectomy in the present study, the results were 
negative. These findings therefore, confirm the negative results of 
long-term studies in rats fed dieldrin. It is thus relevant that 
dieldrin does not interact with DNA and that the rat liver has 
apparently no pre-existing oncogenic susceptibility.
The absence of hyperplastic nodules in the partially hepa- 
tectomised rat liver exposed to phenobarbitone or chlorinated bi­
phenyls for 10 weeks (Tatematsu et al 1979b) and the absence of 
liver tumours in partially hepatectomised rats exposed to dieldrin, 
do not appear to be consistent with reports of liver tumours after 
chronic feeding of phenobarbitone or DDT (Rossi et al 1977).
The Effects of Diethylnitrosamine on the 
Partially Hepatectomised Liver
In the present study diethylnitrosamine, an alkylating agent of 
the N-7 guanine base of DNA, was chosen as the positive control com­
pound to demonstrate a carcinogenic response after partial hepatec­
tomy.
Large, single oral doses of diethylnitrosamine (70 - 200 mg/kg) 
have an acutely toxic effect especially when given after partial 
hepatectomy. Fifty mg/kg bodyweight was regarded as the lowest dose 
of diethylnitrosamine administered as a single dose, consistent with 
survival and liver tumour development after partial hepatectomy 
(Scherer and Emmelot 1975a). This dose was administered 3 times at 
weekly intervals in the present study.
The first diethylnitrosamine group rat 160) was lost from 
the study after 35 weeks, so it was not possible to observe early
liver changes. The liver of this rat and others, killed or dying 
before or at 52 weeks, showed hyperplastic nodules with some evidence 
of liver damage but with no marked necrotic or fibrotic changes.
This suggested that the liver nodules did not arise as regenerative 
nodules, in response to liver tissue damage. These observations are 
in agreement with those of Schmal et al (1970) who concluded that 
cirrhosis is not a pre-requisite for hepatocellular tumour development. 
The work of Druckrey et al (1964) showed that administration of high 
doses of diethylnitrosamine in rats' drinking water resulted mainly 
in hepatic cirrhosis and few liver tumours whereas lower doses 
resulted in many liver tumours without cirrhosis, after a longer 
latent period.
The occurrence of anaplastic tumours with blood-filled spaces, 
which sometimes ruptured causing death, were also recorded by Scherer 
and Emmelot (1975a) following diethylnitrosamine exposure of rats.
They were reported to be of liver cell origin rather than endothelial 
origin, on the basis of their association with hepatocellular carcino­
mata and their resemblance to the poorly differentiated parts of 
parenchymal cell tumours. The presence of little reticulin in 
contrast to the amount expected in endothelial tumours, and the 
presence of glycogen in the metastatic lesions, also supported a 
diagnosis of parenchymal cell origin. An.impression was gained that 
the 3 anaplastic tumours in the present study were also composed of 
cells of parenchymal cell origin. Differential diagnoses were poorly 
differentiated cholangiocellular tumours or hepatoblastoma. There 
was some resemblance to the hepatoblastoma recorded in a mouse fed 
dieldrin and reported in Chapter 2 and also by Turusov et al (1973b) 
in mice following dieldrin exposure. Hepatoblastoma is a well
circumscribed tumour, composed of deeply stained, undifferentiated 
cells separated by vascular channels and associated with large 
haemorrhages, necrosis, fibrosis, and thick capsules, with occasional 
lung metastases. Several of these characteristics were present in 
the 3 tumours observed. Vlahakis and Heston (1971) and 
Reuber (1967) have diagnosed mouse tumours with similar morphology, 
as being of bile ductule origin.
Craddock (1973a) reported liver sarcomata in some rats injected 
with dimethylnitrosamine after partial hepatectomy and suggested 
that they developed in the stump of the excision site. In the 
present study some liver sarcomata could have developed in the 
excision site, but in other rats they were present in the remaining 
liver lobes. It was not always possible to determine whether the 
tumours had developed primarily in the liver, as other sites were 
sometimes also involved.
The first hepatocellular carcinoma observed at necropsy in 
the diethylnitrosamine group at 52 weeks, could not be compared with 
the appearance of the first tumour in non-partially hepatectomised 
rats since such a group was not included in this study. However Pound 
and McGuire (1978a) injected rats with 100 mg diethylnitrosamine/kg 
body weight, 24 hours after partial hepatectomy, and demonstrated 
liver cell tumours in 4 of the 14 rats surviving 12 - 15 months later. 
Non-partially hepatectomised rats injected with the same dose did 
not develop tumours.
The results of other studies indicate that although the latent 
period for tumour induction is reduced by partial hepatectomy the 
timing of chemical exposure after partial hepatectomy is critical 
for the development of liver tumours. Craddock (1975) reported a
higher incidence of liver tumours when doses between 4.8 and 13.2 mg 
dimethylnitrosamine/kg body weight were injected 24 hours after partial 
hepatectomy, compared with 2 hours after partial hepatectomy. Non- 
partially hepatectomised treated rats did not develop liver tumours. 
Grunthal et al (1970) reported that when partial hepatectomy was 
delayed until 86 days after commencement of exposure, the rats 
developed liver tumours later and survived longer. Schmal and Thomas 
CL962) showed that the induction period for the development of liver 
tumours in rats was not reduced when compared with non-partially 
hepatectomised groups to which 3 mg diethylnitrosamine/kg (total of 
700 mg) was administered daily in drinking water. This finding 
could be a reflection of a low level of carcinogen exposure at the 
critical time of DNA synthesis after partial hepatectomy.
The occurrence of tumours in the present study, in the liver, 
kidneys, lungs and brain is consistent with the metabolic activation 
of diethylnitrosamine to the proximate metabolite, in tissues where 
the appropriate enzymes are present, e.g. in the liver and kidney 
and to lesser extents, the lung and brain. The high incidence of 
liver tumours could be correlated with the administration of the 
first dose of carcinogen at the height of DNA synthesis after partial 
hepatectomy.
The effects of alkylating agents, administered . 
to the rat after partial hepatectomy demonstrate that it is 
likely that de novo replication of damaged DNA occurs before repair 
takes place, thereby converting a transient abnormality into a stable 
change in base sequence. This is probably a relevant event prior to 
the development of liver tumours (Craddock 1978),
The pattern of binding of a chemical to macromolecules may 
be altered during liver cell regeneration e.g. binding of urethane
metabolite to DNA may be increased (Lawson and Pound 1971 and 1973). 
The uptake of chemical by regenerating rat liver may be greater 
than that of the normal liver e.g. Marquardt et al (1970) demon­
strated that the initial uptake of dimethylbehz(a) anthracene (DMEA) 
was greater than with the intact liver.
The importance of both chromosome damage and cell replication 
for the development of liver cancer was highlighted in the work of 
Maini and Stich (1962) and Warwick (1967) who showed that although 
4-dimethylaminoazobenzene (DAB) is a liver carcinogen for rats, a 
structurally related compound, 2 methyl-4-dimethylaminoazobenzene 
(2-methyl-DAB), is carcinogenic for rat liver only after partial 
hepatectomy. Although both chemicals showed binding to DNA, RNA 
and cytoplasmic proteins, the differences in response were due to 
the ability of DAB to cause liver cell replication whereas 2-methyl- 
DAB did not. Craddock (1973b) showed that liver tumours developed 
in rats given a single injection of dimethylnitrosamine after 
partial hepatectomy and that the degree or type of alkylation or 
repair of liver DNA by dimethylnitrosamine was not affected by partial 
hepatectomy. These findings emphasise the importance of cell repli­
cation in carcinogenesis.
The Effects of N-Methylnitrosourea on the 
Partially Hepatectomised Liver
N-Methylnitrosourea is a direct carcinogen that does not 
require enzyme activation to the proximate carcinogen. Hence 
tumours occurred in a wide range of tissues following exposure to 
this carcinogen. Alkylation of macromolecules can occur in all 
tissues penetrated by this compound (Swann and Magee 1968). A
single intravenous dose for rats can induce tumours in a wide 
variety of tissues, excluding the liver (Druckrey et al 1964).
However a single dose has been reported to give rise to liver 
tumours in C3HfDp neonatal mice (Terracini and Testa 1970). It is 
relevant that male mice, of this strain, have a high background 
incidence of liver tumours. Thus exposure to N-methylnitrosourea 
may activate the factor responsible for this susceptibility, which 
is further enhanced by the promoting effect of the high level of 
liver cell proliferation in the neonate. The difference in response 
in rats may be due to repair of damaged DNA before liver cell repli­
cation takes place or the more efficient glutathione conjugation 
and detoxification of the chemical in the rat liver.
Results of the present study indicated that a single dose of 
N-methylnitrosourea given to rats, after partial hepatectomy, resulted 
in tumours in a wide variety of tissues with the exception of the 
liver. Two rats developed a hyperplastic nodule 5 mm or 1 cm in 
diameter, respectively; these included areas of hydropic degeneration, 
dilated sinusoids and some cytoplasmic vacuolation. Some rats also 
showed foci between { and 2 lobules in diameter, which often in­
cluded hydropic degeneration, dilated sinusoids, sometimes cells 
with glassy cytoplasm and occasionally mitotic figures. Similar 
lesions were seen in control rats. The characteristics of these 
foci were not suggestive of neoplastic change.
These results indicated that' a single dose of N-methylnitroso­
urea caused neoplasia in many organs resulting in death. Unlike the 
diethylnitrosamine treated rats in which the liver showed 
evidence of damage and tumour development, the N-methylnitrosourea 
exposed livers did not appear to be targets for the chemical. The 
liver adenomata observed by Craddock and Frei (1974) following
partial hepatectomy and N-methylnitrosourea exposure, were small, 
single in occurrence and showed no evidence of metastases. The 
strain of rat was not specified and no incidences of background 
liver lesions were given.
Use of the Partially hepatectomised Rat Liver Model in the 
Detection of Liver Carcinogens or Promoting Agents
When the rat liver is experimentally induced to a state of 
replication, which can also arise naturally under many conditions, 
and then exposed to a chemical, it is possible to evaluate the compound 
for carcinogenic potential. A carcinogenic response may occur after a 
shorter latent period (Laws 1959), at a higher incidence 
(Chernozemski and Warwick 1970b), or after a single exposure to a 
chemical which would not result in tumours in the absence of marked 
liver cell replication, (Craddock 1973a; Hollander and Bentvelzen 
1968).
Farber (.1978) envisaged a naturally occurring hazardous 
situation for the human liver exposed to xenobiotes, when the presence 
of liver cell damage would provide a stimulus for hyperplasia. Solt 
and Farber (1976) and Solt et al (1977) proposed a model for detecting 
hepatocarcinogens in which the replicating rat liver was exposed to 
diethylnitrosamine and dietary 2-acetamidofluorene. Hepatocellular 
carcinomata developed in 70% of the rats after 9 months. They 
suggested that diethylnitrosamine produced some 'initiated’ cells, 
and subsequent exposure to dietary 2-acetamidofluorene inhibited 
proliferation of normal 'non-initiated' cells. The strong stimulus 
of partial hepatectomy provided 'selection pressure' for the 'initiated' 
liepatocytes to grow and differentiate into tumour cells. Restorative 
hyperplasia after partial hepatectomy was therefore seen as a pro-
moting event.
A similar model was set up in which promoting agents such as 
a'T'hexachlorocyclohexane, polychlorinated biphenyls or phenobarbitone 
were included in addition to initiating agents (Tatematsu et al 
1979a and b; Ito et al 1978; Farber 1978; Tsuda et al 1980). The 
development of proliferative lesions of parenchymal cells, classified 
as hyperplastic nodules, over a 3 month period were recorded.
Tsuda et al (1980) modified these models to include a necro- 
genic dose of CCl^ , to provide an additional ’selection pressure' for 
parenchymal cell proliferation and used y-glutamyl transpeptidase 
as a marker of foci of 'resistant' hepatocytes. They tested a 
series of 21 chemicals, many of which were carcinogens, and demon­
strated a significant number of 'resistant' foci. The assumption 
that these were pre-neoplastic lesions was made. Dieldrin was
included as a test chemical. the incidence of foci of ^ resistant' 
hepatocytes was not statistically significant. In such complex 
models no account seems to be taken of possible interactions of 
chemicals. Only long-term studies which follow the development of 
'resistant' foci of hepatocytes, would prevent dangerous assumptions 
being made for chemicals that are neither carcinogens nor promoting 
agents.
Appendix of Chapter 4
Major pathological findings in tissues (other than the liver) of partially hepatectomised rats exposed to
Dieldrin, N-methylnitrosourea or diethylnitrosamine
Animal Week of
Major Macroscopic Findings
Results of Microscopic Examinations when carried 
out (only representative lesions were examined in
N&JL Death/Killing tissues other than liver and lung)
Control Group
52 Weeks
End' of Trial ' ’ !
3
C.
No major findings 
»
- ■
D
12 ii
16 ii •
17 ii
24 it
25 n
29 it
34 ii
40 ii
78 Week 5
Early Losses
75 55 Mass involvine base of orbit/hard palate Not examined
80 70 Pituitary mass Adenoma of anterior lobe of pituitary
100 55 Pituitary mass and prolapsed eye Adenoma of anterior lobe of pituitary
111 Died post-
operatively
125 Died during
partial
hepatectomy
138 39 Pituitary mass Adenoma of anterior lobe
141 59 Large mass in abdomen involving pancreas, stomach, Anaplastic adenocarcinoma
spleen and diaphragm
End of Trial
44 No major findings
45 II
50 II •
56 II
59 II '
63 II . ■ ';
66 It '
71 It
84 II.
86 It
89 . II
95 II ; ■ "■ . .
103 11
108 II
114 II
117 II
123 Pituitary mass Pituitary adenoma132
134
No major^findings
146 ii
152 ii
156 1 .
158 ii
30 mg Dieldrin/kg body weight
and 20 ppm Dietary Dieldrin
52 Weeks
Early Losses
11 39 Subcutis mass Fibrosarcoma
- 2 -
Appendix of Chapter 4 Continued
Animal
No.
Week of 
Death/Killing Maior Macroscopic Findings
Results of Microscopic Examinations when carried
out (only representative lesions were examined in
tissues other than liver and lung)
Dieldr .n Continued
End of Trial
2
c
No major findings 
11
;
J
13 II 5 ■’ '
18 II • I • . .
22 II : . i
27 Skin mass Fibroma
31 ii
33 i i -
37 ii ' .
78 Weeks
Early Losses
42 63 Pituitary enlarged Not examined
49 67 II • II
69 9 days No major findings
73 76 Ruptured haemorrhagic pituitary nodule "
87 66 Subcutis mass II
98 69 Subcutis mass
120 6 days Bladder distended; plug in urethra Cystitis and urethritis
130 63 Brain lesion Astrocytoma
150 65 Pituitary mass Pituitary adenoma
End of Crial
46 No major findings
55 "
58 n
61 II
67 Pituitary enlarged Not examined
77 No major findings
83 ii
92 it
94 it
104 n
105 Pituitary enlarged Not examined
112 Pituitary shows haemorrhagic focus Not examined
116 No major findings
121 No major findings
127 Subcutis mass Not examined
133 No major findings
139 • I
142 If
145
153 II
159 II
60 mg N-methylnitrosourea/kg 
52 Week Exposure Group 
Early Losses
38
20
14
29
49
17
14
Subcutis mass
Spleen and lymph node enlargement and partial 
posterior paralysis; pale eyes 
Spleen and lymph nodes enlarged 
Subcutis mass; pale eyes
Mass on tongue,
small intestine mass and 
intussusception; pale eyes 
Spleen and lymph nodes enlarged; pale eyes 
Spleen and lymph nodes enlarged and partial 
posterior paralysis
Fibrosarcoma
Generalised lymphoblastic leukaemia
Generalised myeloid cell leukaemia 
Fibrosarcoma; invasion of spleen, lymph nodes and 
ventral abdominal muscle 
Papilloma
Mucosal polyp 
Lymphoblastic leukaemia
Stem-cell leukaemia (infiltration of many tissues)
Appendix of Chapter 4 Continued
Animal
No.
Week of 
Death/Killing Major Macroscopic Findings
Results of Microscopic Examinations when carried 
out (only representative lesions were examined in 
tissues other than liver and lung)
60 mg N -methylnitrosour*ja/kg
52 Week Exposure Group
Early Losses Continued
36 42 Pale eyes Not examined
38 45 Subcutis mass Not examined
Small intestine mass causing intussusception;
pale eyes 
Zyidba'l's gland mass
) "
163 36 Sebaceous cell carcinoma
End of 'rial
20 No major lesions
161 Skin mass; pale eyes Skin: sebaceous cyst. Eyes: cataract and retinal 
degeneration
162 No major lesions
78 Week Group
Early Losses
41 24 Spleen ruptured haemorrhagic mass; pale eyes Large organised thrombus
47 23 Lymph node and spleen enlarged, many tissues 
show green colouration; pale eyes. Partial
Generalised myeloid cell leukaemia
posterior paralysis
51 18 Intra-abdominal mass attached to diaphragm 
and ventral abdominal muscles; left eye pale
Fibrosarcoma
53 33 Subcutis mass arid spleen enlarged; pale eyes Spleen not examined; mammary adenocarcinoma
60 32 Zymbal's gland mass; pale eyes Sebaceous cell carcinoma of Zymbal's gland
62 28 Mass on mandible; pale eyes 
Lymph nodes enlarged
Ameloblastoma of mandible 
Generalised lymphoblastid leukaemia
65 25 Mass on mandible Ameloblastoma
72 45 Small intestine mass and skin cysts; eyes pale Not examined
74 33 Subcutis mass; eyes pale Mammary adenocarcinoma
79 37 Skin masses and lymph nodes enlarged; pale eyes Generalised lymphoblastic leukaemia
81 31 Zymbal's gland mass Sebaceous cell and squamous cell carcinomata
85 64 Skin mass Sebaceous cyst
91
.
46 Masses in Zymbal's gland and in ileum; eyes pale Masses not examined; lungs showed adenocarcinoma 
(probably metastasis)
96 48 Subcutis and Zymbal's gland masses Not examined
97 60 Pituitary mass and subcutis mass; eyes pale Adenoma of anterior pituitary lobe; mammary 
adenoma. Eyes: retinal degeneration and 
cataracts
102 26 Diaphragm and omentum masses; thymus enlarged; 
eyes pale'
Rhabdomyosarcoma; thymus not examined
107 48 Colon masses causing intussusception; kidney mass; 
eyes pale
Not examined
109 25 Spleen and lymph node enlarged; these and many 
other tissues showed green foci; pale eyes
Generalised myeloid cell leukaemia
113 25 . Zymbal's gland mass Sebaceous cell carcinoma
118 30 Lymph nodes and spleen enlarged; pale eyes Generalised lymphoblastic leukaemia
124 : 10 Spleen and lymph nodes enlarged and partial 
posterior paralysis; pale eyes 
Zymbal's gland mass and small intestine mass; 
eyes pale
Generalised stem-cell leukaemia. Eyes: bilateral 
retinal degeneration
126 41 Zymbal's gland not examined; small intestine 
shows mucus - secreting adenocaroinoraa 
Eyes: cataracts and retinal degeneration
129 40 Masses in small and large intestines with intu­
ssusceptions, spleen and lymph nodes and thymus 
.enlarged; many tissues show green colouration; 
pale eyes
Intestines show papillary adenocarcinomata; 
generalised myeloid cell leukaemia
135 *5 Skiti mass; pale eyes
■ . . :
Eyes: bilateral degeneration of lens and retina 
Skin: squamous cell papilloma
137 35 Masses m  Zymbal s gland and small intestine 
(causing intussusception)
Small intestine: mucus - secreting adenocarcinoma 
Zymbal's gland: sebaceous cell carcinoma
143 22 Spleen and lymph nodes enlarged; pale eyes Generalised myeloid cell leukaemia
148 44 Skin mass; pale eyes Sebaceous cyst t
151 51 Zymbal's gland and small intestine masses, cerebrum Not examined
154 18
swollen, skin cyst; eyes pale
Spleen and lymph nodes enlarged; pale eyes Generalised lymphoblastic leukaemia
157 21 Subcutis mass; eyes pale Fibrosarcoma, metastases in lung, liver and 
mediastinal lymph nodes
— •— - -------— ------------- ,---- .. ----- --
Appendix of Chapter 4 Continued
Animal
No.
Week of 
Death/Killing Maior Macroscopic Findings
Results of Microscopic Examinations when carried 
out (only representative lesions were examined,in 
tissues other than liver and lung)
50 mg Di ethylnitrosamine/kg body weight
52 Weeks
Early Losses
■ 39 1 47 1 1 cm necrotic mass in testicular fat | Not examined
End of Trial
1 Kidney mass Papillary adenocarcinoma of kidney and metastases
8 Kidney mass
to the lung 
Not examined
10 1 cm mass in pancreas Not examined
14 Kidney mass Clear cell adenoma of kidney. Bronchial adenoma-
of lung
19
21
No major lesions 
No major lesions
28 Kidney Tubular adenocarcinoma of kidney
30 Subcutaneous mass Not examined
35 Kidney mass Tubular adenocarcinoma of kidney
164 No major lesions
165 No major lesions
78 Weeks
Early Losses
43 75 Kidney mass; pale eyes Tubular adenocarcinoma of kidney
52 58 Kidney and pituitary masses Adenoma of anterior lobe of pituitary and tubular
54 65 No major lesions
adenoma of kidney <
57 61 Haemorrhagic focus on pituitary gland and pale Not examined
64 64
focus on cornea 
Kidney mass; pale eyes Not examined
68 72 Kidney mass Not examined
70 74 Tumour mass in nasal cavity Not examined
76 62 Kidney mass Tubular and papillary adenocarcinomata of kidney
78 41 No major findings
82 59 Mass in nasal cavity Not examined
88 58 Pale eyes Not examined
90 62 Kidney mass; pedunculated mass on tongue; lung Kidney and tongue not examined. Fibrosarcomata of
93 71
mass
Eyes pale; lungs show haemorrhagic foci.
lung probably metastatic 
Lungs show metastases of basophilic anaplastic
99 72
Haemorrhage in thoracic and abdominal cavities 
Kidney and skin masses
liver tumour 
Sarcomata (probably metastatic) of liver, lung,
101 64 Kidney mass; spleen enlarged; pale eyes
omentum, pancreas. Kidney and skin masses not 
examined
Spleen not neoplastic. Kidney not examined
110 61 Kidney mass; pale eyes Tubular adenocarcinoma of kidney
115 60 Jaundiced; lung masses Lung metastases of anaplastic liver sarcoma
122 75 Pituitary mass, lung lesions; pale eyes Pituitary gland not examined; lungs show •
128 68 Pituitary mass
metastases of liver carcinomata 
Pituitary adenoma
131 66 ' Pituitary enlarged; mammary and kidney masses; Not examined (Lungs show metastasis of liver
136 72
abdominal lymph nodes enlarged : 
Kidney and lung masses
fibrosarcoma)
Kidney tubular adenocarcinoma; lung adenocarcinom
140 70 Jaundiced; pituitary and spleen enlarged; kidney Kidney tubular adenocarcinoma pituitary and splec
144 54
mass
Eyes opaque; kidney mass
not neoplastic 
Kidney, tubular adenocarcinoma; right lens of eye:
catafact
147 52 No major lesions
149 48 Haemorrhage in abdomen Haemorrhage due to ruptured necrotic and
155 73 Lung mass
thrombotic liver 
Lungs show metastases of liver fibrosarcoma
160 35 Brain mass Astrocytoma
End of Trial
48 Mammary and kidney masses Mammary fibroadenoma and kidney tubular adenoma
106 Kidney mass Kidney tubular adenocarcinoma
119 Kidney mass Not examined
CHAPTER 5
An Investigation into the Effects of Dieldrin and Aflatoxin
on the Mouse Liver, Undergoing Restorative Hyperplasia ’>
Following Partial Hepatectomy
Certain microsomal enzyme inducing chemicals such as 
a-hexachlorocyclohexane, phenobarbitone and DDT have been shown 
to be promoters for rat liver tumour development when administered 
after carcinogens (Peraino et al 1975, 1977; Schulte-Hermann 1978).
The susceptibility of many strains of mice to liver cell tumours 
can readily be exacerbated by exposure to these same chemicals 
(Tomatis et al 1972; Thorpe and Walker 1973; Ito et al 1973).
This has resulted in these chemicals being regarded as promoting 
agents for mouse liver tumour development (Walker et al 1973;
Peraino et al 1973; Tennekes et al 1979).
The mouse liver responds promptly to the microsomal enzyme- 
inducing chemicals by undergoing liver cell hyperplasia, unlike the 
rat liver which undergoes hypertrophy (Wright et al 1972). It is there­
fore postulated that any agent that causes increased replication of 
mouse liver cells may have a promoting effect on liver cell tumour 
development. A parallel can be drawn: with the neonatal liver, which 
has high levels of liver cell replication and is susceptible to the 
carcinogenic effects of aflatoxin B.^ '(Vesse 1 inovitch. et. al 1972.) unlike 
adult liver, which is relatively insensitive (Newberne, 1965; Gellatly 
personal communication) . Mice have also, been .reported to- show an 
increased incidence of liver tumours following..partial, hepatectomy,. - 
without chemical exposure (Chernozemski and Warwick 1970b).
Normal liver may show no carcinogenic response to a single 
dose of a chemical, but in the presence of existing liver damage and 
cell replication, a different response may be observed. This was 
demonstrated in the experiment of Haese et al (1973, 1976) in 
which Swiss Webster CFl mice infected with Schistosoma mansoni, 
and therefore having necrosis and proliferation of liver cells, 
were injected with hycanthone methanesulfonate (HMS), an antischi- 
stosomal drug. They developed a significantly increased incidence 
of hepatic neoplasms compared with non-infected mice injected with 
hycanthone methanesulfonate.
In the present study, it was planned to investigate the 
role of regenerative hyperplasia, as a promoting agent, in the 
pathogenesis of mouse liver tumour development, using the 
partially hepatectomised liver, in which there is initially a high 
level of liver cell replication. Two chemicals were investigated, 
aflatoxin and dieldrin. The effects of aflatoxin on the 
partially hepatectomised mouse liver have not been reported pre­
viously. Dieldrin is known to increase the incidence of mouse liver 
tumours, and therefore the effects of partial hepatectomy on the 
latent period for liver tumour development following dieldrin 
exposure and on the incidences of lung metastases, were investigated.
EXPERIMENTAL METHODS
Materials
Technical quality dieldrin containing >99% of the pure compound
1,8,9,10,11, ll-hexachloro-4,5-exo-epoxy-2, 3-7,6-endo-2,1-7,8-exo- 
3 6 2tetracyclo(6.2.1.1 ’ 0 ,7jdodec-9 -ene, was supplied by Analytical
Chemistry Division of Shell Biosciences Laboratory. Batch ACD/77/138, 
99.8% purity.
Aflatoxin B^ was supplied by Aldrich Chemical Company Ltd., 
Gillingham, Dorset.
Formulations
Dieldrin was dissolved in the minimum working volume of 
acetone to make a uniform mixture with Laboratory Animal Diet 2 
(LAD 2 supplied by Spillers Spratts, see Appendix.1). The same ratio 
of volume of acetone to weight of diet was used for control diet.
The dieldrin diet was prepared at intervals of not greater than five 
weeks and analysed before use.
Aflatoxin B^  was dissolved in Tricaprylin (glyceryl tri- 
caprylate 99% pure, obtained from Sigma Chemical Co., Kingston-upon- 
Thames) at the concentration of 0.6 mg/ml.
Experimental Procedure
118 Male Carworth Farm No.l (CFl) and 16 spare mice bred under 
specific pathogen-free conditions in Tunstall Laboratory, were 
brought to the experimental unit, and housed under similar conditions. 
They were housed in litters and were fed cubed laboratory animal diet 
(LAD 1, supplied by Spillers Spratts, see Appendix 1) ad libitum.
At 5 weeks they were singly housed in polypropylene cages 
(North Kent Plastic Cages Ltd., Dartford, Kent), with sawdust bedding, 
fed LAD 2 powdered diet and using body-weight data and litter 
information were assigned to groups with the following treatment 
regimes:
Number of Mice
Non-partially Partially
hepatectomised hepatectomised
Fed LAD 2 diet
Fed LAD 2 diet with 10 ppm 
dieldrin
Fed LAD 2 diet and injected 
with 6 yg aflatoxin B-/g 
body weight (0.01 ml/g 
body weight) 46 hours after 
partial hepatectomy.
+ 10 of these mice were matched controls - see text.
At 9 weeks of age, the mice assigned to be partially hepatecto­
mised were weighed (week 1), and subjected to surgery in which approx.
2
-g of the liver (mid and left lobes) were removed (Higgins and Anderson 
1931) under ether anaesthesia. Mice dying, during or shortly after 
partial hepatectomy were replaced by spare mice which were subjected 
to the same procedures as the mice that died.
All partially hepatectomised mice and their corresponding 
non-partially hepatectomised groups were given 5% glucose solution 
as drinking water for 24 hours after surgery.
Forty-six hours after partial hepatectomy 16 mice were in­
jected intra-peritoneally with 6 yg aflatoxin B^/g body weight. This 
time-interval was chosen because of a high level of liver DNA 
synthesis and the large numbers of cells in mitosis at this time 
(Chemozemski and Warwick 1970b; Pound and Lawson 1974). The corres­
ponding 24 non-partially hepatectomised mice were also injected with 
aflatoxin B^ . The feeding of dieldrin commenced at a comparable 
time (46 hours) after partial hepatectomy, both for the 16 operated and 
the 28 non-operated mice. Since 10 of the 16 spare mice were not
38
28
24
16
16
16
required as replacements, it was decided to maintain them on the 
study as a Tmatched control’ group for pathological examinations 
and the collection of tumour data. They were not included in the 
body-weight analyses since they were not part of the original 
blocking system. All other mice on the study were weighed at 4 
weekly intervals.
It was planned to send sick, moribund or dead mice for 
necropsy and to continue the study for 78 weeks. As the study pro­
gressed, survival of the control and aflatoxin groups was good, 
so it was decided to extend the study until few mice survived, to 
give them the maximal opportunity for liver tumour development.
The study was terminated at 103/104 weeks after partial hepatectomy.
Necropsy Procedure
All tissues were completely examined macroscopically. A 
wide range of tissues were removed and fixed in 4% buffered formalin. 
Selected tissues i.e. liver (tumour and non-tumour), all lung lobes 
and heart were trimmed, processed to paraffin wax and 5 ym sections 
were cut, stained with haematoxylin and eosin and were examined 
microscopically.
RESULTS
Survival Data
Survival data for the groups are presented in Figure 1.
Survival of both groups of dieldrin-exposed mice was poor, particularly
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for the partially hepatectomised group. Survival of the other groups 
was good. The control and aflatoxin non-partially hepatectomised 
groups showed higher survival compared with their partially hepatecto 
mised counterparts. For comparison, at 60 weeks approximately 5% 
of the partially hepatectomised dieldrin group mice and approximately 
45% of the non-partially hepatectomised dieldrin group mice survived, 
whereas approximately 75% of the controls and the partially hepatecto 
mised aflatoxin group mice and approximately 95% of the non- 
partially hepatectomised aflatoxin B^  group mice survived.
Body-Weight Data Analyses (Table 1)
At week 5 partially hepatectomised control mice showed 
significantly lower body weights than non-partially hepatectomised 
mice. Compared with their respective control groups, both groups of 
dieldrin-fed mice had lower body weights, sometimes reaching 
statistical significance. Aflatoxin B^  group mice showed no signi­
ficant difference compared with controls, with the exception of 
partially hepatectomised mice at week 85 that had lower body weights.
Clinical Observations and Necropsy Findings
Two controls, 5 dieldrin and 6 aflatoxin B^  group mice had 
occasional convulsions, usually when being handled. Necropsy 
revealed no particular lesions that accounted for these.
Control Group (untreated)
During the study several mice developed dyspnoea, pale 
eyes and skin and became dehydrated and in poor general condition. 
Necropsy revealed lung tumours, between 1 mm and 2.5 cm in diameter,
Table 1 - Body weights of partially hepatectomised and non-partially hepatectomised CF1 male mice, exposed to
dieldrin or aflatoxin Bi
No. of 
mice
Mean body weight at week
Treatment group 1 5 9 13 17 21 25 29 33 37 41 45 49 53
+ + + + + + + + + + + + +
0 A 28 31 34 36 39 40 42 42
-2
42
-2
42
-2
42
-2
42
-2
42
-3
42
-3
43
0 3 16 30 33** 35 39 41 42 42 43 43 43 42
-1
43
-1
42
-2
44
10 ppm dieldrin , A 28 31 34 35* 38
-2
39
-4
40
-5
41
-5
41
-7
39**
-10
41
-10
41
-13
42
-13
41
-13
43
10 ppm di'ldrin B 16 30 32 34 37 38* 40 40 40*
-1
40*
-2
42
-8
42
-9
42
-10
42
-11
38**
6 pg aflatoxin Bi/g body wt. A 24 30 34 35 38 39 41 42 42 42 42 43 43 42 44
6 pg aflatoxin B^/g body wt. B 16 32 32
-1
35
-1
38
-1
40
-1
41
-1
42
-1
43
-1
43
-1
42
-1
43
-1
43
-1
43
-1
44
Standard deviation of a 
single observation 2.2 1.3 1.8 2.5 2.6 3.0 3.3 3.1 3.3 3.7 3.7 3.3 3.7 3.7
No. of 
mice
Mean body weight at week
Treatment group 57 61 65 69 73 77 81 85 89 93 97 101
+ + + + + + + + +
0 A 28
-3
43
-4
43
-4
43
-5
44
-6
46
-6
44
-7
42
-16 
39 i
-14
40
-15
40
-15
36
-18
37
0 B 16
-2
43
-4
44
-4
43
-5
43
-6
44
-8
42
-9
40
-9
39
-10
37
-10
37
-11
36
-12
33
10 ppm dieldrin A 28
-15
41
-16
42
-17
41
-22
41
-22
41*
-22
41
-25
41
-27
36 - _ _ _
10 ppm dieldrin B 16
-15
39
-15
38
-15
40 _ _ _ _ _ _ _ _ _
6 pg aflatoxin Bj^ /g body wt. A 24 43
-1
43
-1
42
-2
43
-2
44
-4
43
-6
40
-14 
37 ii
-8
39
-10
40
-11
40
-16
42
6 pg aflatoxin B^/g body wt. B 16
-4
43
-4
43
-4
43
-4
42
-5
43
-5
42
-7
38
-11
33*
-10 
39i
-11
40
-11
38
-12
36
Standard deviation of a 
single observation 3.5 3.7 4.1 3.9 4.2 4.7 5.4 4.3 5.5 5.5 5.0 5.6
* P < 0.05 ) Significance of the difference between
** P < 0.01 ) treated and control 
test).
A means (using Dunnett1s
* P < 0.05 ) Significance of the difference between
** P < 0.01 ) treated and control 
test).
B means (using Dunnett1s
** P < 0.01 ) Significance of the difference between
control A and B means (using Dunnett1s test).
3 values of mice still alive, not recorded for these weeks
A = non-hepatectomised 
B = partially hepatectomised
Superscript indicates number of missing values
+ = values adjusted for week 1 body weight
Weights of week 1 = weights recorded on day of partial
hepatectomy for that group
ii = 6 values of mice still alive, not recorded for 
this week
or tumours of thymus, spleen or lymph nodes. Enlargement of the 
spleen or mesenteric lymph nodes was sometimes also associated with 
abdominal distension.
Some old mice developed stained fur in the urethral region 
associated with distended bladders and hydronephrotic or pitted 
kidneys. Mouse 25 developed a facial bone tumour at 92 weeks and 
115 removed from the study at 56 weeks, with partial posterior 
paralysis, had bone tumours of the vertebral column.
Four mice (87, 103, 117, 136) showed pale necrotic foci up 
to 3 mm in diameter or petechial haemorrhages of the liver; one 
also had blood in the gastrointestinal tract and another had blood­
stained urine. Two other mice (77 and 144) had blood-stained 
contents in the gastro-intestinal tract. Male 43 had blood in the 
abdominal cavity associated with erythroblastic leukaemia. Two 
others, 70 and 109, had blood or blood-stained fluid in the thoracic 
cavity which may have been associated with lung tumours in those 
mice.
Two mice (6 and 98) showed hypertrophied hearts and some 
others showed dark haemorrhagic areas in the ventricle walls. None 
of these had haemothorax.
Six of the mice that survived for 98 weeks or to the end of 
the study showed well-circumscribed tumours, up to 2.5 cm diameter, 
in the liver. They varied in appearance from pale liver-coloured to 
dark red (Plate 46). One of these mice (6) had a pedunculated 
tumour and in the same liver, a large infarcted tumour was also 
observed. Other changes recorded comprised prominent lobular patterns, 
adhesions or small scars in partially hepatectomised livers and rough,
Plate 46 Male Mouse 70 Control and non-partially hepatectomised.
Sent for necropsy at 98 weeks after passing blood-stained 
urine. Liver weighed 1.47 g. Mid-lobe of liver shows 
hepatocellular adenoma (HA). Heart appears to be normal 
(H). Right mid-lobe of lung shows pedunculated adeno­
carcinoma ( A) .
Plate 47 Male Mouse 2 exposed to 10 ppm dietary dieldrin and non- 
partially hepatectomised. Died 34 weeks after commence­
ment of dieldrin exposure due to haemothorax. Heart 
appeared firm, dark and swollen (H); microscopic examin­
ation revealed myocardial necrosis and haemorrhage.
Liver shows hepatocellular carcinomata (C).
Plate 48 Male Mouse 56 exposed to 10 ppm dietary dieldrin and
non-partially hepatectomised. Sent for necropsy at 86 
weeks owing to debility. Liver weighed 4.18 g and 
showed multiple hepatocellular carcinomata (C) on mid 
and left lobes. Cut surfaces of tumours show firm 
tumour tissue and large necrotic, haemorrhagic and 
cystic areas. Lungs show multiple metastatic masses 
of liver tumour cells (M). Heart is normal (H).
Plate 46
1 c m
Plate 47
Plate 48
1 cm.
granular or mottled appearances in those that showed leucocyte or 
erythroblast infiltration when microscopically examined.
Some mice showed the presence of one or more well-circum­
scribed cream tumours in the lungs varying in size from 1 mm to 2 cm 
The larger ones extended to both dorsal and ventral surfaces and 
sometimes occupied the whole of the lobe. These tumours showed no 
predilection for any particular lobes.
Thirteen of the 38 non-partially hepatectomised mice and 4 
of the 16 partially hepatectomised mice survived until 103/4 weeks, 
when the study was terminated.
Microscopical Examination of the Control Group
The first hepatocellular adenoma (2 mm in diameter) was 
observed in male 102 that was removed from the study at 27 weeks due 
to generalised lymphoma. Larger adenomata, up to 1.5 cm in diameter 
were observed in 2 mice killed at the end of the study and in 4 mice 
removed from the study after 77 or 98 weeks. They were composed of 
sheets or irregular cords of large, slightly basophilic or eosino­
philic-stained parenchymal cells with variable nuclear size but 
generally showed nuclear enlargement. Some of the larger cells 
showed glassy cytoplasm and peripheral margination of the cytoplasmi 
material. Lobular architecture was maintained. The tumours caused 
pressure on the surrounding parenchyma but were not invasive. Large 
deeply eosinophilic-staining droplets' were observed in many tumours. 
Where large numbers of these were present, they appeared to be 
associated with degenerative changes in the cells and pyknotic 
nuclei. Only rare or small numbers of mitoses were seen. One 
partially hepatectomised mouse (98) showed 3 adenomata, one of which
was an ectopic hepatocellular adenoma, of partly infarcted tumour 
tissue, that was attached to the lesser curvature of the stomach.
Two mice (6, killed at 98 weeks and 97, killed at 103 weeks) 
had hepatocellular carcinomata. These were up to 2.5 cm in diameter 
and showed trabeculae and focal acinar formation, lobular architecture 
was usually lost; infarcted areas, haemosiderin deposits or haemosiderin- 
laden macrophages were also noted. Male 6 had both adenomata and 
carcinomata. No liver tumour metastases were observed in the lungs in 
either of these control group mice. Two mice showed very small 
secondary sarcomata in the liver but the sites of origin were unknown.
During microscopical examination of the remaining livers,
3 mice were observed to have a focus of enlarged parenchymal cells 
less than 1 lobule in diameter.
Four mice had foci of coagulative necrosis of parenchymal 
cells sometimes associated with haemorrhage; one of these mice with 
multiple lesions, had blood-stained fluid in the bladder and two 
others showed focal myocardial necrosis. Other changes observed in 
some control group livers included parenchymal cell cytoplasmic 
vacuolation or sinusoidal infiltration of lymphoid, myeloid or erythro­
blastic cells. Many old mice showed variation in parenchymal cell 
and nuclear size.
Microscopical examination of lung adenomata, which measured 
between 1 mm and 1 cm, showed that they were composed of single layers 
of cuboidal or columnar alveolar epithelial tumour cells. Sometimes 
focal papillary growth patterns were observed that extended into the 
alveolar spaces, in which desquamated cells and macrophages were 
seen. The nuclei were situated basally or centrally in the cytoplasm.
Lung adenocarcinomata were larger, up to 2 cm in diameter.
The tumour cells were sometimes not so well differentiated as those 
of the adenomata, and were often larger with pleomorphic nuclei, 
and formed several layers or focal papillary structures. A higher 
incidence of mitoses was observed in adenocarcinomata compared with 
adenomata. The tumours sometimes occupied a whole lobe growing 
through the pleura or causing focal fibrosis of the pleura. The 
larger tumours showed necrotic areas. Lung tissue in the remainder 
of the lobes that contained the larger adenomata and adenocarcino­
mata, sometimes showed alveolar macrophages and inflammatory cell 
infiltration.
Adenocarcinomata frequently invaded bronchioles, bronchi 
and blood vessels. Male 70 that was killed at 98 weeks showed lung 
.adenocarcinoma cells in the mediastinal lymph nodes.
Many mice, with or without lung tumours, showed foci of 
adenomatosis, consisting of proliferated alveolar epithelium, usually 
in single layers. The growth pattern was more diffuse than that of 
the lung tumours.
Several mice showed foci of myocardial necrosis with inflamma­
tory cell infiltration and sometimes mineral foci and fibrosis. These 
changes mainly affected the ventricles which sometimes showed hyper­
trophy. Two mice with myocardial necrosis also showed widespread 
coagulative necrosis of the parenchymal cells of the liver.
Dieldrin Group
Clinical Observations and Necropsy Findings
Fourteen weeks after commencement of the study, dieldrin-fed 
mice started to die, some without previous signs of ill health, and 
others showed poor condition with pale eyes and skin and dyspnoea, 
for a few days before death or removal from the study. Necropsy 
revealed the presence of up to 2 ml of unclotted blood in the thoracic 
cavity. There was no obvious rupture of major vessels but the 
ventricular walls of the heart had a haemorrhagic, rough and some­
times swollen appearance (Plate 47). Several of the mice found 
dead, due to internal blood loss, also showed petechial haemorrhages 
of the kidneys and stomach mucosa and blood-stained contents in the 
stomach, intestines and bladder. The livers of some mice showed 
dark haemorrhagic areas up to 3 mm in diameter, which had occasionally 
ruptured causing blood loss into the abdominal cavity. Some mice 
dying after 31 weeks showed that the free blood in the abdominal 
cavity was from ruptured liver tumours.
A higher incidence of partially hepatectomised mice showed 
blood loss into the abdomen, due to ruptured liver tumours, compared 
with non-partially hepatectomised mice, whereas incidences of haemo- 
thorax showed the reverse patterns for the 2 groups. Only a few 
mice showed haemorrhage into both thorax and abdomen, although many 
showed evidence of necrosis and haemorrhage of the liver and heart.
The higher incidence of partially hepatectomised mice dying of blood 
loss into the abdominal cavity was due to rupture of liver tumours, 
which occurred before the myocardial lesions were of sufficient 
severity to cause death. The mean time to necropsy was 42.2 weeks for 
these mice. In the non-partially hepatectomised group,myocardial
lesions caused death before the liver tumours had reached a stage 
where rupture occurred. Mean time to necropsy for death due to 
ruptured liver tumours was 62.2 weeks.
All partially hepatectomised mice fed dieldrin and dying 
or removed from the study after 38 weeksjand all non-partially 
hepatectomised dieldrin group mice dying or removed from the study after 
55 weeks showed liver tumours, often associated with distended 
abdomens (Plate 48). The mid and left lobes were most commonly 
affected in non-partially hepatectomised mice. The smaller tumours 
were well-circumscribed, but the larger ones measuring up to 4.5 cm 
in diameter often involved a whole lobe. A few mice showed tumours 
on all lobes. The partially hepatectomised mice commonly showed 
tumours on more than one lobe and several mice showed tumours on each 
of the remaining lobes. The tumours measured up to 3.5 cm in diameter.
Livers of mice found dead or removed from the study were not 
routinely weighed. However some livers were weighed for a general 
comparison to be made between the groups. Tumour-bearing livers 
usually weighed between 4 and 8 g depending on the size of the tumours. 
The larger tumour-bearing livers exceptionally weighed between 10 
and 11 g. By comparison control group livers with tumours weighed 
between 2 and 3 g.
Macroscopic examination showed the smallest tumours to be 
raised, well-circumscribed areas of liver tissue, sometimes extending 
through the lobe to the opposite surface, or larger masses which 
appeared to have developed from coalescence of several tumours. A 
few tumours grew as pedunculated masses.
The tumours were composed of firm liver-coloured tissue, 
sometimes with haemorrhagic areas which appeared to have ruptured,
allowing blood loss in the abdominal cavity. The cut surface showed 
liver-coloured, firm tissue, sometimes with haemorrhagic or necrotic 
foci.
Examination of the lungs of the dieldrin group mice at 
necropsy revealed well-circumscribed cream nodules in 8 of the 28 
mice. These were usually between 1 and 3 mm in diameter but 
exceptionally, one nodule was 2 cm in diameter.
Microscopical Examination
The earliest compound-related changes in the liver comprised 
centrilobular and sometimes mid-zonal parenchymal cell enlargement 
and karyomegaly. The cytoplasm of these cells had a glassy appearance 
or showed peripheral margination of the chromidial material and 
occasional eosinophilic^intra-cytoplasmic inclusion bodies, charac­
teristic of the smooth endoplasmic reticulum whorls of dieldrin- 
exposed liver. Binucleate and multinucleate cells were not uncommon.
Some livers also showed necrotic changes affecting a few 
enlarged parenchymal cells. Sometimes these necrotic areas became 
confluent and showed accumulations of red blood cells and leucocytes 
and occasionally they ruptured (Plate 49).
Most of the mice with liver necrosis also showed necrotic 
changes of the walls of the ventricles and sometimes of the atria of 
the heart (Plate 50). The base of the ventricles were commonly 
affected. Necrotic myocardial fibrils and pyknotic nuclei with 
profuse red blood cell and leucocyte infiltration were observed. The 
epicardium was frequently affected by these necrotic changes and 
necrosis of the vessel walls, of this part of the myocardium, was the 
most probable cause of haemothorax. Areas of fibrosis and haemosiderin-
Plate 49 Male Mouse 53. Partially hepatectomised and exposed
to 10 ppm dieldrin. Found dead 38 weeks after commence­
ment of exposure. Necropsy revealed ruptured hepato­
cellular carcinomata and free blood in abdominal cavity. 
Micrograph shows ruptured carcinomata with areas of 
coagulative necrosis and haemorrhage. Haematoxylin and 
eosin. Magnification x 20.
Plate 50 Male Mouse 2. Micrograph of heart of Plate 47 showing 
myocardial necrosis and haemorrhage of left ventricular 
wall. Haematoxylin and eosin. Magnification x 20.
Plate 50
laden macrophage infiltration and small mineral foci were observed 
in some ventricular walls. Adhesion of the pericardium to the pleura 
of the sternal region was observed in one mouse.
The first hepatocellular adenoma was observed in this group 
in a non-partially hepatectomised mouse (24) found dead after 31 weeks 
on the study, and the first hepatocellular carcinoma was observed 
in a partially hepatectomised mouse (81)y found dead after 33 weeks. 
These mice and most of the others that developed hepatocellular 
tumours showed areas of necrosis and haemorrhage both in the tumours 
and in the non-tumourous liver. Rupture of these necrotic and 
haemorrhagic areas was a common cause of death.
Hepatocellular adenomata were often well-circumscribed 
tumours composed of sheets or irregular cords of large eosinophilic 
parenchymal cells with large nuclei, sometimes showing glassy cyto­
plasm. and peripheral margination of the chromidial material and 
intra-cytoplasmic inclusion bodies. Lobular architecture was usually 
maintained. Moderate numbers of mitoses in the parenchymal cells 
were observed. Some tumours measured up to 1 cm in diameter.
Hepatocellular carcinomata were larger tumours, up to 4 cm 
in diameter, often composed of confluent tumour masses involving a 
whole lobe. Sometimes irregular cords of parenchymal cells formed 
thick trabeculae and acini, particularly at the periphery of the 
tumours, where they were separated by dilated sinusoids. The indi­
vidual parenchymal cells were eosinophilic or slightly basophilic, 
of variable sizes, often with bizarre nuclei and moderate numbers of 
mitoses. Portal area elements were uncommon but centrilobular veins 
were sometimes observed. Necrotic parenchymal cells, present either 
as single cells or forming large areas associated with haemorrhage,
were not uncommon and rupture of tumours at this site was sometimes 
noted. Occasionally, bands of fibrous tissue were observed. As 
expected, in a liver in which necrosis was present, haemosiderin 
deposits and haemosiderin-laden macrophages were also common, both 
in the tumour tissue and in the non-tumourous tissue. Some of the 
larger tumours showed infarcted and occasionally mineralised areas 
(Plate 51). Hepatocellular adenomata and carcinomata frequently 
formed confluent masses.
Invasion of intra-hepatic veins by tumour cells was observed 
in hepatocellular carcinomata of 3 non-partially hepatectomised mice.
In addition one mouse with a liver adenoma showed apparent invasion 
of a vein. Two non-partially hepatectomised mice,removed from the 
study at 86 and 87 weeks respectively,showed metastases of liver 
tumours to the lungs. One of these mice (56) showed multiple masses 
of liver tissue up to 1 cm in diameter in the lungs (Plate 52). Two 
partially hepatectomised mice showed liver tumour emboli growing 
in the lungs . 38 and 45 weeks respectively^  after partial hepatec- 
tomy. The short interval between the first exposure to dieldrin and the 
observation of metastases to the lungs in these mice, represented a short 
time than previously recorded in other dieldrin feeding studies in this 
laboratory. This may be a reflection of more rapid development of 
benign liver tumours to malignant ones, after partial hepatectomy.
The survival time for the partially hepatectomised mice was shorter 
than for the non-partially hepatectomised mice; approximately 50% of 
partially hepatectomised mice were removed for reasons related to 
the presence of liver tumours, compared with approximately 30% of 
the non-partially hepatectomised group.
Plate 51 Male Mouse 56. Micrograph of liver shown in Plate 48 
showing confluent tumour masses with trabeculae and 
acini, large areas of necrosis and haemorrhage. 
Haematoxylin and eosin. Magnification x 10.
Plate 52 Male Mouse 56. Micrograph of lung shown in Plate 48
showing multiple metastatic masses of liver tumour cells 
(M) showing trabeculae and acini (T). Haematoxylin 
and eosin. Magnification x 20.
Plate 52
Both lung adenomata and adenocarcinomata were found in many 
non-partially hepatectomised mice surviving for more than 62 weeks 
after commencement of the study. They were not observed in the 
partially hepatectomised mice probably because none survived beyond 
the 66th week. The adenomata were between 1 and 3 mm in diameter 
and were composed of well differentiated alveolar epithelial tumour 
cells. Adenocarcinomata were up to 3 cm in diameter with moderate 
numbers of mitoses and some anaplastic tumour cells. Microscopical 
characteristics of both tumours were similar to those of the control 
groups. Small foci of adenomatosis were also seen in some mice.
Aflatoxin B-^ Group Clinical Observations and Gross Necropsy Findings
Survival of this group was good. Apart from one that 
developed a grossly cystic bile duct 5 weeks after partial hepatectomy, 
all the mice survived beyond the 52nd week. Some dyspnoeic mice 
removed from the study in poor condition had lung tumours, or lympho/myeloid/ 
reticulum/erythroblastic tumours which involved thymus, mediastinal 
lymph nodes or spleen; sometimes there was generalised lymph node 
involvement.
Some partially hepatectomised mice developed distended abdomens 
and necropsy revealed livers weighing up to 8 g and with tumours up to 
4 cm in diameter. Some of these mice died from blood loss, due to 
rupture of these large tumours (Plates 53 and 54). One mouse (48) with 
a distended abdomen had enlarged spleen and mesenteric lymph nodes.
Only 2 non-partially hepatectomised mice showed liver tumours.
Male 29 necropsied at 73 weeks had a 3 mm raised nodule on the tri­
angular lobe and 118 that survived until the end of the trial had a 
2 cm tumour on the mid lobe.
Plate 53 Male Mouse 82 partially hepatectomised and injected with 
6 yg aflatoxin B^/g body weight 46 hours later. Fifty- 
five weeks later sent for necropsy when moribund. Right 
(R) and triangular (T) lobes of the liver show confluent 
hepatocellular carcinomata and adenomata. Caudate lobes 
show no tumours (C).
Plate 54 Male Mouse 111 partially hepatectomised and injected with 
6 yg aflatoxin B^/g body weight 46 hours later. Sent for 
necropsy at end of study 103 weeks later. Liver shows 
confluent masses of hepatocellular adenomata on right lobe 
(H). Lung;all lobes show adenocarcinomata and adenomata 
(A) .
Plate 55 Male Mouse 111. Micrograph of hepatocellular adenomata 
shown in Plate 54. Composed of sheets and irregular 
cords of large eosinophilic parenchymal cells with 
prominent nuclei. Haematoxylin and eosin.
Magnification x 80.
Plate 53
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Some mice that were in poor general condition developed 
staining of the fur of the urethral area. Distended bladders, en­
larged seminal vesicles, large kidneys, often with pitted surfaces 
were observed at necropsy.
Male 74 that died at 78 weeks had blood in the thoracic 
cavity and microscopical examination revealed myocardial necrosis 
and haemorrhage. Males 15 and 44 had blood-stained gastro-intestinal 
contents, when found dead at 79 and 74 weeks respectively. Male 86 
had a distended bladder, haemorrhage in the bladder serosa, blood­
stained urine and haemorrhagic seminal vesicles and iliac lymph nodes.
Approximately half of the mice had one or more well-circum­
scribed lung tumours. These tumours did not have a predilection for 
any particular lobe. They were well-circumscribed and varied from 
1 mm to 2 cm in diameter, the larger ones occupying the whole lung 
lobe (Plate 54).
Four mice CL8, 84, 88 and 101) removed from the trial 
between 65 and 96 weeks showed haemorrhagic and rough areas on the 
ventricular walls of the heart. Four mice surviving to the end of 
the trial showed hypertrophied hearts or small, firm^contracted 
hearts.
Six mice showed pale foci or nodules of firm pale tissue in 
the kidney cortex, sometimes extending into the medulla. As 2 of 
these mice had lymphoma, 2 of these were probably lymphoid cell 
infiltrates. The others may have been kidney tumours although 
microscopical examinations were not carried out. Foci of white tissue 
in the kidney?unrelated to lymphoma;were not seen in the control and 
dieldrin groups.
Eight non’-partially hepatectomised mice and 4 partially
hepatectomised mice survived until the end of the study.
Microscopical Examination of the Aflatoxin Group
The first hepatocellular adenomata and carcinomata were 
observed in partially hepatectomised mice at necropsy at 55 weeks. 
All partially hepatectomised mice dying or killed after this time 
had liver tumours with the exception of one mouse with generalised 
reticulum cell sarcoma. Only 2 of the 24 non-partially hepatecto­
mised mice had liver tumours. Some partially hepatectomised livers 
with large tumours on more than one lobe weighed between 4 and 8 g. 
In comparison non-tumour bearing non-partially hepatectomised 
livers weighed between 1.2 and 2.0 g.
Hepatocellular adenomata measured between 1 mm and 4 cm in 
diameter (Plate 55). They were composed of confluent nodules of 
sheets or irregular cords of slightly basophilic or eosinophilic 
parenchymal cells sometimes with focal acinar formation. Some 
tumour cells showed clumping or peripheral margination of the 
chromidial material. Intra-cytoplasmic,deeply eosinophilic staining 
droplets were seen in some adenomata. Individual nodules were 
sometimes separated by dilated sinusoids and blood-filled spaces and 
some degenerate areas. Few mitoses were present in these tumours. 
Inflammatory cells and necrotic parenchymal cells were observed in 
some tumours. Lobular architecture was usually still obvious.
Mouse 108 with an adenoma also showed a small (3 mm) fibrosarcoma of 
the liver.
One of the non-partially hepatectomised mice (118) that 
survived until the end of the trial had a 2 cm diameter adenoma on 
the mid-lobe of the liver, with similar characteristics to the
adenomata already described. Notably, it had small nuclei, some of 
which were pyknotic, cytoplasmic vacuolation and eosinophilic intra- 
cytoplasmic droplets associated with degenerate cells. The second 
mouse in this group with a tumour was male 29, that showed a 3 mm 
nodule on the triangular lobe, which was infarcted so that cellular 
morphology could not be distinguished. For the purposes of statis­
tical analysis, it was classified as an adenoma.
Hepatocellular carcinomata were generally larger than 
adenomata and often occupied a whole lobe or involved all liver lobes. 
Unlike the adenomata they were composed of thick trabeculae with some 
acinar formation, as well as sheets and irregular cords of paren­
chymal cells. These were sometimes separated by blood-filled spaces 
and dilated sinusoids (Plate 56). The cells were variable in size, 
often with large nuclei, with prominent nucleoli (Plate 57). They 
were usually well differentiated with slightly basophilic or eosino- 
philic-*staining cytoplasm. Some cells had a glassy appearance.
Moderate numbers of mitoses were seen. Lobular architecture was 
generally not recognisable. There was greater evidence of cell damage 
in these tumours, compared with the adenomata, indicated by the 
presence of necrotic parenchymal cells, sometimes forming an extensive 
area in the larger tumours with inflammatory cell infiltration, 
haemosiderin-laden macrophages, cytoplasmic vacuolation, some fibrosis 
and proliferated bile ductules. Some degenerate areas showed cells 
with intra-cytoplasmic eosinophilic droplets. Some mice had con­
fluent hepatocellular adenomata and carcinomata in the same lobes. The 
adenomata were recognised by the presence of lobular architecture and 
the carcinomata by the bizarre growth patterns already described. No
Plate 56 Male Mouse 82. Micrograph of hepatocellular carcino­
mata shown in Plate 53 showing irregular cords, 
trabeculae and acini (A) of tumour cells separated by 
dilated sinusoids (S). Some necrotic foci (N) and 
degenerate tumour cells (D) observed. Prominent nuclei 
and mitoses observed. Haematoxylin and eosin. 
Magnification x 80.
Plate 57 Male Mouse 29. Non-partially hepatectomised and injected 
with 6 yg aflatoxin B./g body weight 46 hours later.
Sent for necropsy at 73 weeks due to lymphoreticular 
neoplasia. Liver showed infarcted tumour on triangular 
lobe. Micrograph shows non-tumourous liver tissue with 
moderate enlargement of centrilobular parenchymal cells 
and nuclei with large and prominent nucleoli. Haematoxylin 
and eosin. Magnification x 80.
Plate 57
liver tumour metastases were observed in the lungs.
The non-tumourous areas of the tumour-bearing livers showed 
occasional foci of coagulative necrosis and one mouse showed centri- 
lobular and mid-zonal necrosis. Haemosiderin-laden macrophages and 
haemosiderin deposits were common. Some centrilobular parenchymal 
cells showed mid-zonal and centrilobular parenchymal cell enlarge­
ment and karyomegaly with moderate numbers of mitoses.
The non-tumour bearing livers, which were mainly non- 
partially hepatectomised, showed moderate centrilobular and mid- 
zonal parenchymal cell enlargement and karyomegaly. Some livers 
showed non-zonal karyomegaly and prominent nucleoli. Glassy cytoplasm 
with margination of the chromidial material were occasionally observed 
and a few foci of coagulative necrosis were seen. Some of the charac­
teristics described here such as large nuclei with prominent nucleoli 
and the eosinophilic intra-cytoplasmic droplets were similar to those 
described by Newberne (1965) in aflatoxin exposed mouse liver.
The morphology of the lung tumours of the aflatoxin B^  
treated mice was similar to that of the other groups. Male 55 that 
was removed from the study at 76 weeks showed a lung adenocarcinoma 
that metastasised to the liver where a | lobule focus of lung tumour 
cells was seen. Many of the larger lung tumours, occupying a large 
proportion of a lung lobe, were associated with other changes in the 
same lobe such as macrophage and inflammatory cell infiltration and 
alveolar oedema. Some lung lobes also showed small foci of adeno­
matosis consisting of proliferated alveolar epithelium^usually in 
single layers,with little compression of the surrounding parenchyma. 
These lesions were similar to those found in control and dieldrin 
group mice.
About half of the mice showed mild pathological changes in
the heart. These comprised small areas of necrosis in the ventricles 
with inflammatory cell infiltration and focal haemorrhage and areas 
of myocardial degeneration, fibrosis and inflammatory cell infil­
tration and small mineralised foci. Male 119 showed a small aneurysm 
of the aorta containing-a small thrombus and the base of the left 
ventricle showed myocardial degeneration.
The major pathological findings excluding liver and lung 
tumours are given in Table 2.
Statistical Analysis of Liver Tumour Data
Actuarial analyses were performed for mice with liver cell 
adenomata, liver cell carcinomata (with or without the other tumour 
type), and for all mice with liver tumours (see Appendix 3 for 
statistical method).
The incidences of liver tumours over all groups were analysed 
and evidence of a common tumour risk was assessed (Table 3a). Com­
parisons were also made for each treatment group between partially 
hepatectomised and non-partially hepatectomised mice (Table 3a)^  and 
between controls and each treatment group for both partially hepatecto­
mised and non-partially hepatectomised mice (Table 3b).
Exposure of partially hepatectomised mice to dieldrin or . 
aflatoxin significantly increased the risk of developing liver 
tumours, compared with non-partially hepatectomised mice. Comparison 
of partially hepatectomised control group mice with non-partially 
hepatectomised control mice showed a slight increase in risk for the 
former for developing liver tumours but this was not significant 
(Table 3*0.
Compared with partially hepatectomised controls, partial
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hepatectomy of dieldrin or aflatoxin group mice significantly 
increased the risks for developing liver cell carcinomata or 
any type of liver tumour. Non--partially hepatectomised dieldrin 
group mice showed significantly increased risks, compared with 
controls, for developing liver cell carcinomata, adenomata and for 
any type of liver tumour. Non-partially hepatectomised aflatoxin 
B^  group mice showed no increased risk compared with controls for 
developing liver tumours (Table 3b ).
Statistical Analyses of Lung Tumour Data
Actuarial analyses were performed for mice with lung aden<?- 
carcinomata (single and multiple) lung adenomata (single and multiple) 
and for mice with any lung tumours - see Appendix 3 for statistical 
method. No significant differences in risks for tumour development 
were observed between the groups for any lung tumour type (Table 4a). 
When lung tumour data for both partially hepatectomised and non- 
partially hepatectomised mice of each group were considered together 
and analysed^there were no significant increases in risks for lung 
tumour development (Table 4b). Weider et al (1968) reported in­
creased numbers of lung adenomata per mouse, following repeated 
aflatoxin B^  injections (total of 5.6 mg/mouse). One exposure to 
aflatoxin B^in the present study) did not significantly affect the 
incidences of lung tumours or the numbers of tumours per mouse.
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DISCUSSION
Investigations of the Haemorrhagic Disease
The haemorrhagic disease found in the dieldrin-fed mice was 
unexpected. Mice on a concurrent study, in the same room, which 
were fed dieldrin or phenobarbitone, also developed the disease. 
Several studies carried out during the previous 10 years in this 
laboratory, where mice of the same strain were fed these chemicals, 
were not associated with these effects. The possibility of an in­
fectious aetiological agent was considered. Therefore blood samples 
from randomly chosen mice of the concurrent study were screened for 
mouse hepatitis virus, pneumonia virus and Sendai virus and patho­
genic bacteria, but all proved negative.
The greater survival of the control and aflatoxin exposed 
mice provided little opportunity for pathological examinations during 
the earlier stages of the study. I concluded therefore,that the 
haemorrhagic disease was probably related to the feeding of dieldrin 
and in the concurrent study, associated with phenobarbitone as well 
as dieldrin exposure.
Haematological Investigations
As there were no scheduled interim necropsies and many of the 
mice were found dead after few signs of ill-health, it was possible 
to make only a few haematological investigations in this study.
However blood samples were taken, from small numbers of mice, removed 
from the study between 56 and 71 weeks, for reasons unrelated to the 
haemorrhagic disease. These data are given in Table 5 and indicate 
that increased prothrombin times,, platelet counts and kaolin- 
cephalin coagulation times were recorded in some or all of the treated
mo
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mice, compared with the control values recorded.
Tail-blood samples were removed from small numbers of mice 
from the concurrent dieldrin or phenobarbitone feeding study, after 
9 months1 exposure. They showed increases in whole blood clotting 
times and platelet counts in 2 of the 4 dieldrin group mice and 
increases in whole blood clotting times in 2 of the 4 phenobarbitone 
group mice (Table.6),
After 10 months1 exposure, a comparison was also made between 
control and dieldrin or phenobarbitone-exposed mice from the con­
current study for additional haematological parameters (Table 7).
These results indicated that although the phenobarbitone and dieldrin 
mice were not in the terminal phase of the haemorrhagic disease 
there were significant increases in kaolin-cephalin coagulation time, 
some increases in prothrombin times and platelet counts in the 
dieldrin and phenobarbitone groups compared with controls. These 
values were also compared with values of ex-breeder mice of the same 
strain and approximately the same age but fed a different diet (PRD, 
Labsure Animal Poods Ltd.). It was noted that fibrinogen values 
and kaolin-cephalin coagulation times were increased in both control 
and treated mice of the concurrent study compared with the ex­
breeders. Prothrombin times of the phenobarbitone and dieldrin- 
exposed mice were slightly increased compared with ex-breeder controls 
(Table 7). These results showed that although there were adverse 
changes in certain blood parameters in dieldrin and phenobarbitone- 
exposed mice, compared with their controls, when mean values of all 
groups were compared with those of ex-breeder mice, kaolin-cephalin 
coagulation times and fibrinogen values were increased indicating 
some defects in haemostasis. Similarly when the data of Table 5,
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of mice on the present study, were compared with ex-breeder values 
given in Table 7, prothrombin times and kaolin-cephalin coagulation 
times were found to be increased in both treated and controls, 
probably a further indication of defects in the clotting mechanism 
of mice on the present study.
Histopathological Findings
As the study progressed,pathological examination of a few 
of the control and aflatoxin group mice, lost for various reasons 
revealed small foci of necrosis of die liver or heart, or blood­
stained contents in the gastro-intestinal or urinary tracts. These 
lesions were not usually the cause of death. Only one mouse from 
these 2 groups, an aflatoxin B^  treated mouse, showed haemothorax, 
associated with myocarditis and none showed ruptured liver tumours. 
These findings indicated a possible mild form of the haemorrhagic 
disease in these 2 groups.
Investigation Of Dietary Factors
Aetiological agents of dietary or environmental origin were 
then considered. Contamination of diet with Warfarin or dicoumaria 
compounds was possible but could be expected to affect all groups 
of mice with equal severity and also to affect rats fed the same 
diet.
It was not possible to carry but retrospective analyses of 
stored diet samples for vitamin contents, owing to probable deterior 
ation of the vitamins during storage. A batch of diet was analysed 
towards the end of the study using a gas-chromatographic,mass 
spectroscopic assay on base and hexane-treated methanol extracts of
diet and revealed Vitamin K levels of 0.4 mg/kg LAD 2 diet. The 
manufacturers’ specification of the diet indicated that 10 mg of 
vitamin K per kg of diet had been added before pasteurisation. The 
recommended minimum level of this vitamin for mice is 1.5 mg/kg of 
diet (Clarke et al 1977). It is likely that vitamin K and other 
vitamins are lost during the heat treatment process. Vitamin K 
loss due to the autoclaving of diet has been suggested by Hacking 
and Lane-PetLer (1968)^  as one of the factors involved in haemorrhagic 
disease of rats.
The severity of the effect in the dieldrin group mice 
suggested that the feeding of dieldrin exacerbated the vitamin K 
deficiency. There have been several reports of a haemorrhagic 
disease in rats fed butylated hydroxytoluene associated with a 
vitamin K deficiency, which was correlated with an increase in DT- 
diaphorase. This enzyme metabolises vitamin K thereby increasing 
the requirement of vitamin K by the rats (Takahashi and Hiraga 1978a 
and b; Suzuki et al 1979). It is postulated that dieldrin, a micro­
somal enzyme inducing chemical, could in a similar way, increase the 
requirement of vitamin K.
An additional factor that is relevant is that Vitamin K is 
synthesised by the gut microflora. In specific pathogen-free bred 
and maintained mice, these microflora may be relatively deficient 
and therefore low dietary vitamin K levels may be insufficient to 
maintain haemostasis. Haemorrhagic disease in vitamin K deficient 
specific pathogen-free or germ-free rats and mice has been reported 
(Gaunt and Lane-Petter 1967; Gustafsonn 1959). It is interesting 
that a study commenced 2 years before the present study in this 
laboratory, in the same strain of mice fed dieldrin in diet of the
same manufacturer’s specifications, showed no haemorrhagic disease. 
However, although these mice were bred under specific pathogen-free 
conditions, they were conventionally maintained during the study.
Coprophagy is necessary for the utilisation of vitamin K 
produced by the gut microflora and in the present study there was 
no reason to believe that coprophagy was not taking place in these 
mice. However it is possible that mice fed chemical in the diet 
might show reduced . . ingestion of faecal pellets.
In the present study, the pathological lesions included 
necrotic changes as well as haemorrhagic lesions in the liver and 
heart. The myocardial changes which comprised myocarditis with 
necrosis, haemorrhage, inflammatory cell infiltration and sometimes 
fibrosis have been reported by Dessau et al (1954), in mice with 
combined vitamins E and K deficiencies. The myocardial changes 
found in our mice^including the fibrosis and mineral foci which 
developed in the survivors of the acute phase of myocarditis^are con­
sistent with their findings.
The Role of Hyperplasia following Partial Hepatectomy on Liver 
Carcinogenesis in the Mouse
Response of the Partially Hepatectomised Liver to aflatoxin
Aflatoxin B^  is a potent hepatocarcinogen for many species of 
animals (Newberne and Butler 1969) arid is suspected of being one of 
the factors responsible for the high incidence of human liver cell 
cancer in parts of Africa (Peers et al 1976). Unlike the adult rat 
liver, the adult mouse liver is reputed to be relatively insensitive 
to the carcinogenic effects of aflatoxin B^  (Gellatly, personal
communication; Newberne 1965). Results of the present study in which 
the non-partially hepatectomised mouse liver was exposed to a single 
injection of aflatoxin B^ , also confirm this. The neonatal mouse has 
however been reported to be susceptible. Vesselinovitch et al (1972) 
injected C57B1 x C3HF1 mice intra-peritoneally with 1.25 to 6.0 yg 
aflatoxin B^/g body weight in single or divided doses beginning on 
the 4th or 7th day of life. After 82 weeks, between 85 and 100% of 
the mice had liver tumours. The susceptibility of the neonate is 
probably associated with the high level of parenchymal cell pro­
liferation in the growing liver. The response of adult liver to 
aflatoxin B^ , in the proliferative phase after partial hepatectomy, 
was tested in the present study, and was found to be highly 
susceptible to the carcinogenic effect. The large liver tumours 
observed were morphologically similar to those described by 
Vesselinovitch et al (1972). No lung metastases were observed but 
as only one section of each lung lobe was examined microscopically 
their presence cannot be precluded. Two partially hepatectomised 
aflatoxin B^  mice, that survived beyond the first half of the study, 
showed no liver tumours. Mouse 32, that survived to the end of the 
study had a generalised reticulum cell sarcoma with heavy reticulum 
cell infiltration in the liver. Another aflatoxin B^ group mouse 
(male 129) that was partially hepatectomised had no liver tumours 
when necropsied at 52 weeks but showed gross enlargement of thymus, 
spleen and lymph nodes . *
The presence of liver tumours in 2 of the 24 non-partially 
hepatectomised aflatoxin B^-exposed group may have represented the
background incidence of liver tumours for the CFl strain of mice or 
may have been attributable to a mild response of the adult mouse to 
aflatoxin B^ . Apart from the study of Vesselinovitch et al (1972) us- 
ir% alfatoxin B^  exposed neonates, only one other long-term aflatoxin 
carcinogenicity study has been reported in the mouse. Few experi­
mental details were given, but 15% of mice fed toxic pea-nut meal for 
16 months developed non-malignant liver tumours suggesting a low 
susceptibility of the adult mouse to aflatoxin B^  (Newberne 1965) . 
Gellatly (Personal communication) indicated that an unpublished 
long-term aflatoxin B^  feeding study in C57B1 mice proved negative.
Applying the two-stage hypothesis of carcinogenesis 
(Berenblum 1941, 1974), these results indicated that aflatoxin B^  was 
acting as an initiating agent, which together with the promoting 
effect of liver cell proliferation resulted in liver carcinogenesis.
It is possible that aflatoxin B^  could have caused the expression 
of an endogenous factor, e.g. a virus, in the genome of the mouse, 
responsible for liver tumour development. Since the promoting factor 
was not present in the non-partially hepatectomised aflatoxin B^  group, 
the carcinogenic process was not completed.
Although there was a slight increase in liver cell tumours
after partial hepatectomy in the control group, there was no signifi­
cant increase. Hollander (1967) also showed no convincing evidence
for an increased incidence of liver tumours in control mice partially 
hepatectomised at 3 or 12 months, one'group of which underwent 
repeated partial hepatectomy. These findings are inconsistent with the 
results of Chernozemski and Warwick (1970b) who reported a liver 
tumour incidence of 19% in partially hepatectomised male B6AF1 hybrid 
mice compared with 3% in non-partially hepatectomised mice. Since
these mice were killed at 73 weeks, these data may not be as meanings 
ful as if they were from a life-time study.
The endogenous oncogenic susceptibility of the mouse liver 
probably requires a promoting stimulus, above a threshold, such as 
prolonged hyperplasia before it is expressed as liver tumour develop­
ment .
Hollander (1967) reported an increase in mouse parenchymal 
cell ploidy and an increase in age-related changes in the regenerating 
liver. Since the partial hepatectomies were performed on old mice 
(16 months old), which were killed at 23| months, the changes in ploidy 
may have been age-related. However it is possible than an enhancement 
of liver tumour incidence after partial hepatectomy and chemical 
exposure may be related to increased ploidy. In the present study no 
specific data on nuclear changes were recorded and therefore no data 
on ploidy are available.
The incidences of liver tumours following partial hepatectomy 
and aflatoxin B^  injection in 8 week old mice, in the present study, 
were comparable to the incidences in the study of Vesselinovitch et al 
(1972), in which mice were subjected to aflatoxin B^  injection at 7 
days of age.
Biochemical Considerations
Like aflatoxin B^ , urethane is also a carcinogenic chemical 
to which the adult mouse is relatively insensitive, yet the neonatal 
liver and the regenerating liver after partial hepatectomy are highly 
susceptible (Chernozemski and Warwick 1970b; Hollander and Bentvelzen 
1968; Della Porta and Terracini 1969). Chernozemski and Warwick 
(1970b) demonstrated that during cell division, the late pre-replicative
phase, replicative phase and the phase up to the peak of mitoses 
i.e. between 18 and 46 hours after partial hepatectomy, are all highly 
sensitive times for liver cell tumour induction by urethane. In 
the present study injections of aflatoxin given at 46 hours, the 
most sensitive time demonstrated in Chernozemski and Warwick’s 
study, resulted in a high incidence of liver cell tumours.
Pound and Lawson (1974) showed that after partial hepatectomy 
there is increased binding of urethane to mouse liver DNA, particu­
larly in the male. Aflatoxin B^  also binds to liver hNA. It is 
possible that the susceptibility of the liver to induction of neo­
plasia by these chemicals after partial hepatectomy may be correlated 
with increased DNA binding of the electrophilic metabolite of 
aflatoxin B^  to the N-7 atom of the guanine base. The degree of 
aflatoxin B^ binding to DNA in vivo has been shown to be related to 
the carcinogenic susceptibility of a particular species e.g. aflatoxin 
B^  binds less readily to DNA in the hamster than in the rat; the rat 
being more susceptible to aflatoxin B^  liver carcinogenesis than the
hamster. The hamster is comparable to the mouse in that it is
fairly resistant to aflatoxin B^  carcinogenesis (Garner 1978).
The greater susceptibility of the mouse to ethylene dichloride 
liver tumour induction, compared with the rat, has also been correlated 
with significantly higher in vitro binding to liver protein and DNA, 
(Banerjee and Van Duuren 1979).
It has been shown that aflatoxin B^  given to rats immediately 
after partial hepatectomy inhibits DNA synthesis probably due to the
blocking of RNA synthesis (Wogan 1969; Rogers et al 1971). It is not
known whether there is inhibition in all cells or in only a proportion. 
In our study where only a single dose of aflatoxin B^  (a chemical
which, does not persist in the tissues) was administered, inhibition 
of DNA synthesis mush have been of a transient nature or insufficient 
to prevent the initiation of a self-perpetuating or permanent bio­
chemical event (Wogan 1969). Since aflatoxin inhibits cell 
replication, it is possible that in the present study, the absence 
of the strong stimulus of synchronised cell replication in the non- 
partially hepatectomised aflatoxin groups, resulted in the 
development of few liver tumours.
Rogers et al (1971) reported a study in which Fischer rats 
were partially hepatectomised and orally dosed with up to 375 yg 
aflatoxin B-^in divided doseSj and showed that the timing of exposure 
after partial hepatectomy had no effect on the incidence of hepato­
cellular carcinomata after 15 months^and concluded that hyperplasia 
per se did not enhance the effect of aflatoxin B^ . However they did 
not include a group of rats given a single aflatoxin B^  exposure at 
the critical time of DNA synthesis following partial hepatectomy. 
Repeated exposures may have caused repeated inhibition of DNA synthesis.
The differences in susceptibility of the rat and mouse to 
aflatoxin B^  may be partly due to the more efficient excretion of 
aflatoxin B^  by the mouse compared with the rat i.e. approximately 
89.9% of a single dose of the compound is excreted over a 24 hour 
period in the mouse compared with 80.1% in the rat. At the end of 
24 hours the mouse retained 1.51% of the recovered dose in the liver 
whereas the rat retained 7.57% of the chemical. This lower level 
of retained metabolite in the mouse liver may be related to its 
lower susceptibility to the toxic and carcinogenic effects of aflatoxin
Response of the Partially Hepatectomised Mouse Liver to Dieldrin
Since dieldrin does not hind to liver DNA (Wright et al 1977)^  
we did not test a single exposure after partial hepatectomy. We 
commenced exposure during the phase of marked DNA synthesis after 
partial hepatectomy and continued it throughout the study to investi­
gate differences in incidences and latent periods for liver tumour 
development and metastatic spread to the lungs.
Analyses of liver tumour data of partially hepatectomised 
dieldrin group mice compared with non-partially hepatectomised 
dieldrin group mice showed a significantly increased risk for the 
former of developing liver tumours. A shorter time to death due to 
liver tumours and earlier lung metastases were observed for partially 
hepatectomised dieldrin group mice compared with non-partially 
hepatectomised mice.
The effects of dieldrin and other microsomal enzyme inducing 
chemicals on the mouse liver have been interpreted as epigenetic 
and promoting a pre-existing endogenous factor of this species, 
responsible for the background incidence of liver tumours (Walker 
et al 1973; Peraino et al 1973; Tennekes et al 1979). Partial hepa­
tectomy also appears to provide an additional promoting stimulus for 
mouse liver tumour development following dieldrin exposure. These 
findings are consistent with the role of hyperplasia, as a promoting 
factor, in the process of liver carcinogenesis. Thus exposure to 
dieldrin and the additional stimulus of liver cell proliferation, 
following partial hepatectomy, may both promote the factor responsible 
for the oncogenic susceptibility, which is probably present in the 
genome of this strain of mouse.
The observation of the first liver cell tumour at necropsy 
at 31 weeks in dieldrin^exposed mice of the present study, was made 
earlier than in previous studies, carried out in this laboratory 
when the same strain of mouse was fed dieldrin. Thus Thorpe and 
Walker (1973) reported the first liver cell tumour 52 weeks after 
commencement of 10 ppm dietary dieldrin. In another study, reported 
in this thesis, in which dieldrin exposure commenced in utero, 43 
weeks of age was the time of the first observation of a liver cell 
tumour. In the present study both partially hepatectomised and non- 
partially hepatectomised mice developed liver tumours earlier than 
in previous studies. The reason for their early appearance in this 
study may be due to the presence of the haemorrhagic disease. It 
was observed that mice dying early, before the appearance of liver 
tumours i.e. between 14 and 31 weeks, showed liver necrosis and 
haemorrhage. The presence of liver necrosis followed by liver cell 
regeneration may have provided an additional stimulus for the 
development of tumours. Chemicals causing necrosis e.g. carbon 
tetrachloride have been shown to enhance diethylnitrosamine -induced liver 
tumourigenesis in mice (Pound and McGuire 1978a). It is also 
possible that a dietary deficiency of other vitamins as well as 
vitamin K may also have had an effect on some biochemical pathways, 
thereby enhancing the development of liver tumours.
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CHAPTER 6
CONCLUSION
The Role of Microsomal Enzyme Inducing Chemicals in the Pathogenesis 
of Mouse Liver Cell Neoplasia
The increased susceptibility of the m o u s e ,-in contrast with 
the rat^to liver tumours after exposure to microsomal'enzyme inducers, 
such as dieldrin, DDT, phenobarbitone and oHbenzene hexachloride 
(Davis and Fitzhugh 1962; Walker et al 1973; Thorpe and Walker 
1973; Tomatis et al 1972; Turusov et al 1973a; Ito et al 1973), 
resulted in speculation that environmental enzyme inducers might 
play some part in the development of the background incidence 
of liver tumours in this species. The possibility of the presence 
of such agents, in the close environment of laboratory mice, led 
to the investigation of factors, in their diet or bedding which 
might be associated with liver tumour development. The results 
indicated that exposure to microsomal enzyme inducers, either 
naturally occurring or as contaminants, in diet (conventional 
rodent diet) or bedding (sawdust) had no consistent effect on 
mouse liver tumour development, even when exposure to the various 
factors commenced in utero. It was observed that even mice fed 
semi-synthetic diet and housed on filter-paper bedding showed a 
background incidence of liver tumours^which suggested that this 
strain of mouse has a pre-existing susceptibility to liver tumour 
development which does not appear to be of close environmental
origin. The potent microsomal enzyme inducer, dieldrin, added to 
the diet of mice caused liver cell hyperplasia and after 
prolonged exposure, liver cell tumours. Dieldrin-exposed mice 
also showed increased smooth endoplasmic reticulum proliferation 
in the hypertrophied centrilobular and mid-zonal parenchymal cells 
and in liver tumour cells. There was glycogen depletion and 
reduced glucose 6-phosphatase activity in the hypertrophied cells. 
Reduction of this enzyme may be consistent with a greater energy 
requirement for smooth membrane synthesis. Proliferated smooth 
membrane, a common response of liver cells to inducing chemicals, 
was present as small vesicles, paired membranes or whorls, which 
surrounded lipid droplets and mitochondria. Smooth membrane 
whorls have been reported previously, following dieldrin exposure, in 
the rat liver (Wright et al 1972) but not in the mouse liver.
The development of liver tumours in the mouse was not 
preceded by.marked liver cell damage. Histochemical examination of 
lysosomal acid phosphatase in the non-tumour mouse liver tissue, 
following 12 months' dieldrin exposure, showed only mildly increased 
intensity and distribution of the enzyme. These findings were 
in agreement with observations in the mouse liver following pheno- 
barbitone exposure (Butler 1978).
Compared with control mouse liver tumours, those developing 
after dieldrin exposure appeared earlier, generally grew to a 
larger size and frequently metastasised to the lungs. The pattern 
of development of these tumours indicated that adenomata were pre­
ceded by foci of hyperplastic parenchymal cells, seen macroscopically 
as pale pin-point foci. Some adenomata became confluent as they 
grew. The characteristics of hepatocellular carcinomata (trabeculae,
acini, and dilated sinusoids), developed first at the peripheral 
regions of the large adenomata. Frith et al (1979) also reported 
that the hepatocellular carcinomata of mice developed from benign 
tumours and that those tumours with a less differentiated type 
of morphology showed more frequent metastases to the lungs.
Results of the study of dieldrin-exposed mice reported 
in Chapter 2 indicated that those killed after 18 months had 
higher incidences of hepatocellular carcinomata and lung 
metastases, than those killed before 18 months' exposure. These 
data are shown below and emphasise the desirability of life-time 
exposure during carcinogenicity studies.
Control
10 ppm Dieldrin
No. of mice 
killed or 
dying up to 
18 months
101
94
Percentage of
mice with Percentage of
hepatocellular mice showing
carcinomata lung metastases
0
29
0
19
Control
10 ppm Dieldrin
No. of mice 
killed or 
dying after 
18 months
151
45
1
60
0
48
Although-hydroxylation, one of the major metabolic path­
ways for the metabolism of dieldrin may be less efficient in mice
>»
compared with rats, there are no major qualitative or quantitative 
differences in compound metabolism to account for differences in 
response between the 2 species (Hutson 1976).
In contrast to the rat liver, the mouse liver, when exposed 
to dieldrin has a limited capacity to respond effectively to an
increased functional demandj for oxidative microsomal enzyme systems 
and readily undergoes liver cell hyperplasia. There Is more rapid 
and pronounced induction of liver mono-oxygenase activities in the 
rat compared with the mouse, and the rat liver responds to chemicals 
such as dieldrin by undergoing hypertrophy (Wright et hi 1972). These 
biochemical and cellular differences in response to the microsomal 
enzyme inducers, between the 2 species, may be very important in the 
difference in tumourigenic susceptibility following exposure to these 
chemicals.
The Role of Liver-Cell Replication in Rodent Liver Cell Tumour 
Development
The observation, made in this study, of the susceptibility 
of the adult mouse liver to tumour development after one injection 
of aflatoxin B^ , following partial hepatectomy, is consistent with 
the response of the neonatal liver to aflatoxin (Vesselinovitch 
et al 1972). The stimulus of hyperplasia following partial hepa­
tectomy of the adult liver is regarded as a promoting agent for 
liver cell tumour development. The high level of cell replication 
in the neonatal liver probably plays a similar role. The effect 
of early exposure to chemicals was shown in the study in which 
dieldrin exposure commenced in utero, and liver cell tumours develo­
ped earlier than previously recorded for mice fed dieldrin from 5 
weeks of age (Thorpe and Walker 1973). Similar findings have also 
been reported for CFl mice exposed to DDT in utero (Tomatis et al 
1972). These observations, made in the mouse liver, could also be 
considered to be consistent with the response to microsomal enzyme 
inducing chemicals, which readily induce hyperplasia (Tennekes et al 
1979; Wright et al 1972) and after chronic exposure, significantly
increase the incidences of liver cell tumours. For dieldrin-exposed 
mice partial hepatectomy appeared to increase the risk of liver tumour 
development and caused an additional liver tumour promoting effect.
If replication of liver cells per se was the most important 
process in mouse liver tumour development, then partial hepa­
tectomy alone, would be expected to increase the background incidence 
of tumours. However, partial hepatectomy of control mice caused 
no significant increase in background liver tumours. Thus the 
endogenous oncogenic susceptibility of the mouse liver probably 
requires a promoting stimulus, above a certain threshold, such as 
prolonged hyperplasia, before it is expressed as liver tumour 
development. Chronic exposure to microsomal enzyme inducing 
chemicals appears to provide this stimulus.
Other factors, apart from hyperplasia per se, may be involved 
in mouse liver neoplasia, and may be important when aflatoxin
is administered to mice after partial hepatectomy. Certain chemi­
cals given after partial hepatectomy may show increased binding to 
DNA, compared with the degree of binding observed in the absence of 
partial hepatectomy. In addition any inhibition of cell replication due 
to a chemical may be overcome by the strong stimulus of replication 
following partial hepatectomy. In such circumstances prolonged 
replication may not be necessary for liver tumour development. The • 
synchronised replication following partial hepatectomy of mice 
possibly completes the carcinogenic process, initiated by aflatoxin
B exposure, and thus plays a promoting role.
1 <
Potent microsomal enzyme inducers cause no marked hyper­
plasia or liver tumour development in rats, which have low or 
negligible incidences of background liver tumours, in contrast to
the effects of such compounds in’mice. Prolonged dieldrin exposure 
in rats following liver cell replication, after partial hepatectomy, 
caused no carcinogenic response in the absence of a demonstrable 
interaction with DNA and in the apparent lack of a pre-existing 
oncogenic susceptibility of the rat liver.
Non-malignant liver tumours in old rats,reported to be 
due to phenobarbitone or DDT (Rossi et al 1977), may have developed 
in the presence of pre-existing liver damage, such as necrosis 
and fatty change, and therefore these nodules could well have been a 
regenerative response. Similarly, the occurrence of nodular hyper­
plasia in rat liver after prolonged phenobarbitone exposure was 
probably associated with liver damage in old rats (Butler 1978).
There are few reported studies giving the incidences of liver 
lesions in aged control rats but there is evidence that at least 
one strain, WAG/Rij, show liver nodules at 36 months of age (Burek 
1978).
N-Methylnitrosourea administered as a single injection to 
rats,24 hours after partial hepatectomy} did not result in liver 
tumours,but a wide variety of tumours in other tissues were observed. 
Pathological examination of the liver did not reve:al changes 
indicative of a target organ and although the animals died relatively 
early there was no suggestion of neoplastic change of the liver. It 
is possible that liver DNA damage caused by N-methylnitrosourea is 
repaired before replication takes place due to the greater excision 
repair enzyme activity in the liver than in other tissues. Kleihues 
and Margison (1974) have shown that O^-methylguanine is removed less 
rapidly from DNA of the brain, a target organ for N-methylnitrosourea 
carcinogenicity, than from DNA of the liver which is not susceptible 
to the carcinogenic activity of the chemical.
The Role of Viruses in Liver Tumour Development in the House
It is possible that viruses may play a role in the patho­
genesis of mouse liver tumours. Although they were not observed 
in our ultrastructural studies, this does not preclude their 
presence. Oncogenic RNA viruses cause a variety of tumours in 
laboratory and domestic animals and can be vertically transmitted 
from one generation to the next, by the integration of viral DNA 
into cellular DNA (Bauer, 1978). There is evidence that mouse 
leukaemia develops as the result of interaction of genome and 
viruses (Meier et al 1973). It has also been shown that in the 
development of mouse leukaemia, chemicals may play a co-carcino- 
genic role in the activation of virus so that the virus is incor­
porated into the host genome (Meier and Myers 1973). This process 
could also be responsible for the development of other tumours 
including those of the liver. Thus chemicals such as aflatoxin B^  
could cause the expression of a virus, present in the genome of 
the mouse,which is responsible for liver tumour development. Squire 
(1980) speculated that mice harbour so many viruses including a 
hepatitis virus, that liver neoplasms may be associated with 
the effects of viruses. Human hepatitis B virus has been impli­
cated in the aetiology of human primary liver cancer (Anthony, 1976).
The Role of Promoting Agents in Liver Cell Neoplasia
Liver tumour development in rats following exposure to a 
carcinogen can be enhanced by certain chemicals, which induce 
microsomal enzymes, whereas exposure of mice to these inducing chemi­
cals readily increases the incidences of liver tumours, without prior 
exposure to another chemical. The concept of tumour promotion by
microsomal enzyme inducers has been proposed for both mouse and rat 
liver tumour development (Peraino et al 1973, 1977; Kimura et al 1976; 
SchuIte-Hermann 1978). These chemicals do not interact with DNA 
and their modes of action are regarded as epigenetic. The concept 
of chemical promotion in mouse liver tumour development
has'- been based on the occurrence of spontaneous liver tumours, 
often characteristic of the sex and strain of the mouse, which can 
be increased by many variable factors, one of which is exposure to 
microsomal enzyme inducing chemicals. The observation of morpho­
logical similarity between spontaneous mouse liver tumours and 
those that develop after exposure to chemicals not carcinogenic 
for other species, has been attributed to epigenetic rather than 
genetic mechanisms (Peraino et al 1973). These chemicals may 
therefore act as promoting agents. Ward et al (1979) have estimated 
that approximately 42% of chemicals allegedly carcinogenic for the mouse 
liver are non-mutagenic. Chemicals that can be shown to be non- 
genotoxic in in vitro tests probably have an epigenetic mode of 
action. Parke (1977) has emphasised the role of epigenetic 
mechanisms in the promotion stage of carcinogenesis, which could 
involve impairment of the synthesis of proteins and glycoproteins, 
alterations in cellular characteristics such as increased rate of 
cell division and altered antigenicity; all of which could play a 
role in neoplasia.
Investigations are now being reported in which cell cultures 
are exposed to model promoting compounds e.g. the phor hoi ester, 
12-0-tetradecanoylphorbol-13-acetate, in order to elucidate the 
mode of action of promoters and to develop in vitro markers of 
neoplastic phenotype. Colburn (1980) has shown that when this agent
is added to JB6 mouse epidermal cells, there are changes in cell 
surface glycoprotein. Weinstein et al (1978), using the same 
promoter, indicated that cell membranes are the critical targets 
for promoting agents, and that promoters bind to cell-surface 
receptors of the cell membranes, resulting in alterations in 
composition of membrane phospholipid. They postulated that 
signals or mediators are produced which could lead to the ex­
pression of certain genes resulting in a change in cell phenotype.
TroskO et al (1980 and in press) speculated that promotion 
of initiated cells involves the modulation of genetic expression 
via cell membrane perturbations, based on the observation that 
12-0^tetradecanoylphorbql-13-acetate inhibited ’metabolic co­
operation’ between certain cells such as Chinese Hamster (V79) 
6^ thioguanine sensitive and resistant cells. Other chemicals 
tested in this assay and also shown to block ’metabolic co-opera­
tion’ include saccharin, phenoborbital, butylated hydroxytoluene 
DDT, polychlorinated biphenyls, mirex and bile acids. These 
chemicals needed to reach a threshold level before blocking 
metabolic co-'-operation, which occurred in a dose-dependent manner. 
The mechanism of action was suggested to involve enhancement of 
the influx of chemicals and molecules (e.g. glucose and calcium) 
needed for proliferation. This would result in dysfunction of 
cell to cell communications(e.g. gap-junction mechanisms), which 
prevent transference of critical molecules between cells, and which 
are needed to maintain highly specialised ’differentiated non­
proliferative states’. It is envisaged that this system could be 
adapted for hepatocytes in culture and used to test liver tumour 
promoting agents.
There is evidence that promoting agents are associated with 
the blocking of differentiation of cells. Thus 12-0-tetradecanoyl- 
phorbo1-13-acetate has been found to inhibit differentiation of 
Friend erythroleukaemia cells in culture, which could be correlated 
with its in vivo promoting activity in mouse skin (Diamond et al 
1980). Promoters have also been shown to increase the incidence 
of primitive skin cells in the epidermal basal cells (Slaga 1980).
Liver tumour cells and hyperplastic parenchymal cells 
(putative pre-neoplastic lesions) have been shown to possess certain 
foetal characteristics. Thus y-glutamyl transpeptidase can be 
detected histochemically in the liver cells of animals during neoplastic 
development and a-foetoprotein has also been detected in serum of mice, 
rats and humans with hepatocellular carcinomata (Becker and Sell, 1979a 
and b; Abelev, 197]). The characteristics of liver cells during neo­
plastic change have been termed 'neo-differentiation' (Farber 1978).
Although much of the earlier work on the two-stage process 
of carcinogenesis was demonstrated using the skin model, this 
process has now been demonstrated for other tissues including the liver. 
The liver has been shown to be a useful model for such investigations, 
as early foci of 'initiated cells', can be identified using various 
markers, such as deficiency of adenosine triphosphatase (Scherer and 
Emmelot 1975b) or the presence of y-glutamyl transpeptidase (Farber 
1978). This model could be used for the identification of promoting 
agents and their modes of action.
The Use of Rodent Liver as a Model for the Evaluation of the
Potential Carcinogenic Hazards: of Chemicals
A variety of physical and chemical agents may cause liver 
cell damage resulting in a reduction of functional liver mass, 
which can stimulate liver cell replication. Response to chemical 
exposure of damaged liver, undergoing marked replication, may be 
different to that of normal liver. Studies carried out using the 
partially hepatectomised liver exposed to certain chemicals 
indicate that tumours may develop after a shorter latent period 
(Laws 1959), at a higher incidence (Chernozemski and Warwick 1970b) ; 
or after a single exposure to a chemical which given in the 
absence of marked liver cell replication,would not result in 
tumours (Craddock 1973a; Hollander and Bentvelzen 1968). The 
sensitivity to chemicals of replicating liver following partial 
hepatectomy, or neonatal liver could be used for the detection of 
carcinogens of the liver and other tissues. It is likely that 
damage to the genetic material of the liver could also indicate 
a potential for damage to cells of other tissues. Although a potent 
carcinogen could presumably be detected in a short time, longer- 
term studies may be needed to confirm negative results.
An in vivo model for the detection of carcinogens or promoting 
agents using partially hepatectomised rats exposed to carcinogens 
such as 2-acetylaminofluorene or diethylnitrosamine, and to pro­
moting agents such as a-hexachlorocyclohexane, polychlorinated 
biphenyls or phenobarbitone has been proposed (Tatematsu et al 1979a 
and b; Ito et al 1978; Farber 1978; Tsuda et al 1980). The inci­
dence and size of hyperplastic liver nodules, which are regarded as 
pre-neoplastic lesions, are recorded after 12 weeks' exposure. As
all hyperplastic nodules are not pre-neoplastic, it is dangerous to 
generalise in this way. Thus, although nodular hyperplasia was 
seen after long-term feeding of phenobarbital sodium to Fischer 
rats, there was no evidence of liver tumours (Butler 1978). Nodular 
hyperplasia without tumour development has also been observed in 
rats subjected to a variety of treatments e.g. following surgical 
portocaval shunt (Weinbren 1978), after feeding choline-deficient 
diet (Newberne et al 1966) and after feeding non-carcinogenic 
derivatives of synthetic alkaloids (Butler et al 1970). Benign 
liver nodules are also observed in humans taking steroid drugs, 
such as synthetic oestrogens, progestagens and anabolic steroids 
and there is some evidence that these lesions .are reversible when 
medication is Stopped (Sherlock 1978).
The sensitivity of the neonatal liver to carcinogens, some­
times given as single exposures, has been demonstrated by Vesselinovitch 
et al 1972; Kyriazis et al 1974; Terracini et al 1976; Toth et al 
1964; Della Porta and Terracini, 1969. Vesselinovitch et al (1979) 
have recommended the neonatal mouse liver as a sensitive bioassay 
model for the initial screening of chemicals. They also attempted to 
quantify the hepatocarcinogenicity of chemicals using the neonatal 
mouse, based on the relative molar dose of a carcinogen required to 
induce liver tumours in 50% of male mice treated when 15 days of 
age. Aflatoxin B^  gave the greatest indication of carcinogenicity 
of the chemicals tested, followed by diethylnitrosamine, ethylnitroso- 
urea, benzidine, benzo fajpyrene and urethane in decreasing order of 
carcinogenic potency.
Transplacental exposure has also been used to demonstrate the 
two-r-stage hypothesis of carcinogenesis. Pregnant female NMR1 mice
were subjected to initiating doses of dime thy lbenzanthracene during 
late gestation followed by administration of a promoter, phorbol 
ester, to their offspring. This resulted in increased incidences 
of tumours in a variety of organs including the liver,compared 
with those treated with the initiator alone (Goerttler and 
LShrke 1977). Further evaluation may indicate that this could be 
used as a screen for promoting agents.
The nature of mouse liver nodules, which has been a subject 
of controversy for many years, has more recently been put into a 
clearer perspective. The absence or low incidence of lung meta­
stases, reported in some chronic studies,left many workers uncon­
vinced of their carcinogenic nature (Butler and Jones 1978; Reuber, 
1971). Thorpe and Walker (.1973); Walker et al (1973); Gellatly
(1975); Vesselinovitch et al (1978) and Frith et al (1979) reported 
that certain morphological characteristics of liver tumours, often 
occurring late in tumour development, could be correlated with 
metastatic lesions in the lungs. Thus life-time studies in mice 
exposed to various chemicals are necessary, in order to give the 
liver tumours the maximal opportunity to reach a stage where 
metastases developed.
Whilst identification of a potent carcinogen may be relative 
easy, using the experimental techniques currently available, other 
chemicals that may be weak carcinogens or may act as co-carcinogens 
or promoters may give equivocal or negative results. Use of the 
neonatal or replicating liver as specific test systems may 
then be relevant. In addition, life-time studies which encompass 
the sensitive in utero and neonatal periods ensure that the experi­
mental animals have the maximal time for liver tumour development.
The use of various bioassays, together with, consideration of the 
similarities in metabolism of the chemicals in man and experimental 
species, help to define an existing or potential risk of chemical 
exposure for man. Serious consideration also needs to be given to 
epidemiological data collected for humans exposed therapeutically 
to drugs, or occupationally or environmentally to pesticides and 
industrial chemicals. Reference to such data collected for pheno- 
barbitone and dieldrin show no increase in risk for liver tumour 
development in exposed populations.(Clemmesen et al 1974; Jager 
1970). It is also relevant that occupational exposure to high 
levels of dieldrin, relative to that of the general population, has 
little or no effect on microsomal oxidation in the human liver 
(Jager 1970).
Reports of nodular hyperplasia or benign neoplasia in old 
rats after long-term exposure to DDT or phenobarbitone (Rossi et al 
1977; Butler ,1978) are probably of no significance for man. The 
development of hyperplastic nodules or tumours, in response to a 
chemical, for which liver damage appears to be a prerequisite, 
is unlikely to present a carcinogenic hazard for man, exposed to 
levels which are nonrtoxic'(Grasso 1977). In the same 
context, the late development of liver tumours following long-standing 
cirrhosis in rats, exposed to high selenium levels (Nelson et al 
1943) resulted in an announcement by the Food and Drug Administration 
that the Delaney Clause would not be applied to an agent, if naturally 
occurring and with a no^ -effect hepatotoxic level, even if hepato- 
toxicity was associated with experimental liver carcinogenesis 
(Food Chemical News 1973).
The Food and Agriculture Organisation's panel of experts 
on pesticide residues in food reviewed the available toxicological 
data on dieldrin at their 1977 meeting and concluded that the 
mouse was an inappropriate model for humans. They stated that 
aldrin and dieldrin had species-specific effects on the mouse 
liver resulting in an increased frequency of liver tumours. The 
panel agreed that these chemicals were not carcinogens, on the 
basis of the available knowledge, and no change was made in the 
acceptable daily intake (0 - 0.0001 mg/kg body weight) for humans.
They recommended further studies into the mechanism of the 
tumourigenic action on the mouse liver.
The mouse appears to be an anomalous species to use for
carcinogenicity testing, in the evaluation of potential hazards
for humans, in view of the appreciable background incidence of
tumours, susceptibility to liver cell hyperplasia and increased
liver tumour incidences following exposure to non-genotoxic chemicals.
It is possible that the inbred status and the maintenance of closed
colonies of many laboratory mice may contribute to the background
incidence of liver tumours. Certain strain susceptibilities to
high liver cell tumour incidence may be due to their genetic
VYmake-up e.g. C3H mice carrying the A gene have a high background 
incidence of tumours (Heston and Vlahakis 1962). Thus data from 
this species appear to provide an inadequate basis for the banning 
of useful chemicals.
It is possible that chemicals that activate epigenetic 
mechanisms, and alter the function of cells of experimental 
animals and that are regarded as promoting agents, could result in 
an increase in carcinogenic risk for man. However for the microsomal
enzyme inducing chemicals, the various epidemiological data, 
collected at this time, do not support this.
Prevention of cancer in humans, by the avoidance of exposure 
to initiating agents, is difficult since initiation may involve 
only transient exposure or may be due to an intrinsic genetic 
susceptibility. Therefore attention must be directed to the 
identification and avoidance of exposure to promoting agents. Such 
an approach could involve pharmacological inhibition of tumour 
promotion. In recent years both in vivo and in vitro uses of the 
retinoids have been shown to inhibit the development of certain 
epithelial cell cancers of experimental an imals, when treatment 
took place during the latent period. Thus, the identification of 
anti-promoters, and the ways in which they can exert their effect, 
could be important in the prevention of cancer.
Appendix 1 - Composition of Semi-synthetic Diet (per 100 gram)
(based on 1969 recommendations of Laboratory Animals Association
Nutrition Study Group)
Protein : Casein 23.6 g
Carbohydrates : Com starch 46.7 g
Potato starch 10.0 g
Sucrose 5.0 g
Fat : Corn oil 10.0 g
Vitamins ; Thiamine (B^ ) 0.4 mg
Riboflavine (I^ ) 0.5 mg
Pyridoxine HC1 (B&) 0.6 mg
Nicotinic acid (Niacin) 1.0 mg
Calcium pantothenate 1.2 mg
Biotin (H) 0.1 mg
Menapthone (K3) 0.2 mg
a-tocopherol (E) 7 i.u.
vitamin D3 100 i.u.
vitamin A 500 i.u.
Cyanocobalamin (B12) 2 pg
Choline chloride 100 mg
Minerals : Calcium citrate 47.6 mg
Potassium dihydrogen
phosphate 1.36 g
Magnesium carbonate 141 mg
Magnesium sulphate, 7 H2O 338 mg
Manganese sulphate, 4 H£0 18.4 mg
Zinc carbonate 4.0 mg
Ammonium ferric citrate 45.0 mg
Copper sulphate 2.6 mg
Sodium fluoride 0.5 mg
Potassium iodate 0.3 mg
Calcium hydrogen
orthophosphate 1.05 g
Calcium carbonate 910 mg
Sodium chloride 700 mg
Metabolisable energy (calculated): 4.31 kcal/g (18.3 kj/g)
Casein, sucrose and mineral components were supplied by British 
Drug House Chemicals Ltd., Poole, Dorset, U.K. Most vitamins 
were purchased from Sigma Chemical Company Ltd. * London, with 
the exception of vitamins A, D, E and K which were supplied by 
Roche Products Ltd., Dunstable, Bedfordshire, U.K. Corn oil 
(Mazola brand) was purchased locally. Corn starch and potato 
starch were obtained from Rickards Ltd., Beckenham, Kent, U.K.
Appendix 1 - Composition of Laboratory Animal Diet Nos. 1 and 2
Chemical Composition
Moisture % 8
Ether Extract % 4.5
Crude Protein % 21.5
Crude Fibre % 2.7
Total Digestible Nutrients % 78
Vitamin and Mineral Composition
Lysine % 1.1
Methionine % 0.39
Calcium % 0.9
Phosphorus % 0.8
Vitamin A i.u./kg 11000
Vitamin D^i.u./kg 1200
Alphatocopherol i.u./kg 24
Vitamin mg/kg 10
Riboflavin mg/kg 7
Pyridoxine mg/kg (added) 1
Pantothenic Acid mg/kg 17
Nicotinic Acid mg/kg 80
Folic Acid mg/kg 0.2
Choline Chloride mg/kg (added) 450
Cyanocobalamin mcg/kg 15
Manganese mg/kg 65
Iron mg/kg 100
Iodine mg/kg 0.5
Copper mg/kg 20
Zinc mg/kg 40
Cobalt mg/kg 1
Digestible energy: 3 . 4 kcal . gram ^
Appendix 2 - Statistical Method used in Analysing Survival Bata
Adjustment was made for interim kills such that if there 
were n mice initially in the group d^  die before a kill, &2 
subsequently and k are killed then.
% survival before kill = 100(n - d^) = 100s^  = 100p^
n n
% survival at some point after kill = 100p^ . s^-k-^
s^  - k
Thus if n = 100, d^  = 20, - 10 and k = 30 the % survivals at
the two times are;
time 1; (100-20) 100 = 80%
100
time 2; 80(80-30-10) or. 40
' 80-30- = 80 X 50 = 6455
Appendix 3 - Statistical Methods used in
Liver and Lung Tumour Analysis
The tumour incidence was analysed using an actuarial 
method which makes allowance for different survival in assessing 
the tumour incidence. For each time interval the calculation 
was as follows:
Treatment Group Size at 
start of interval
Actuarial
Incidence
Expected
Incidence
n.
H n,
N = I n.l
i=l
8
T = Z 
i=l
t.l
l.T
N
8.T
N
The variance for treatment A = n, /ia N /vr _*1 . (N - n- ) . T (N-T)
N N N-l
and covariance between treatments A and H = -n. n0 m/vr mS 1. 8. T(N-T)
N N N-l
with equivalent expressions for the other treatments.
Two types of "time-interval" were used. For animals dying during
the study the time was considered in monthly intervals. The
survivors at the start of the interval gave the size of each group
and the analysis considered the tumours occurring during the month,
Each interim kill was considered in the same way except that the
group sizes were those animals killed in each treatment.
The contributions for each "time-interval" were summed 
to give the total expectation (E) for each treatment and to give 
the variance-covariance matrix (V). The hypothesis that all 
groups have been exposed to the same risk can be tested using
the statistic -
2 -ITxz = DV D
where D is the row vector of difference between the 
actual and expected incidence for treatments 
1 to 8.
D is the transpose of D (i.e. the column vector). 
V  ^is the inverse of V.
2The test statistic is distributed approximately as x 
with seven degrees of freedom. The differences in risk can be 
seen by considering the ratio between the actual (0) and 
expected incidence (E) i.e. 0/E.
REFERENCES
Abelev, G. I. (1971); Alpha-foetoprotein in ontogenesis and its 
association with malignant tumours. Adv. Cancer Res.,
14, pp.295-358.
Anthony, P. P.; The background to liver cell cancer in: Liver 
Cell Cancer (H. M. Cameron, D. A. Linsell & G. P.
Warwick Ed.) Elsevier, Amsterdam, Oxford & New York
(1976).
Argus, M. F. and Hoch-Ligeti, C. (1961); Comparative study on 
the carcinogenic activity of nitrosamines. J. Nat.
Cancer Inst. 27, pp.695-709.
Argyris, T. S. and Magnus, D. R. (1968); The stimulation of
liver growth and demethylase activity following pheno- 
barbital treatment. Develop. Biol., 17, pp.187-201.
Armuth, V. and Berenblum, I. (1972); Systemic promoting action 
of phorbol in liver and lung carcinogenesis in AKR mice. 
Cancer Res., 32, pp.2259-2262.
Armuth, V. and Berenblum, I. (1974); Promotion of mammary
carcinogenesis and leukemogenic action by phorbol in 
virgin female Wistar rats. Cancer Res., 34, pp.2704-2707.
Banerjee, S. and Van Duuren, B. L. (1979); Binding of carcino­
genic halogenated hydrocarbons to cell macromolecules.
J. Nat. Cancer Inst., 63, No.3 pp.707-711.
Barka, T, and Popper, H. (1967); Liver enlargement and drug 
toxicity. Medicine, 4j6, pp. 103-117.
Bauer, G. (1978); RNA Tumor-viren Naturwissensch, Rundschau,
11, p.455.
Becker, F. F. and Sell, S. (1979a); Differences in serum a-foetopro- 
tein concentrations during the carcinogenic sequences 
resulting from exposure to diethylnitrosamine or acetyl- 
aminofluorene. Cancer Res., 39, pp.1437-1442.
Becker, F. F. and Sell, S. (1979b); a-Foetoprotein levels and hepatic 
alterations during chemical carcinogenesis in C57B1/6N mice. 
Cancer Res., 39, pp.3491-3494.
Benitz, K. F., Roth, R. N. and Coulston, F. (1977); Morphologic 
characteristics of hepatic nodules induced by Mirex and 
Dieldrin in mice. Abstracts of 16th Annual Meeting of 
Soc. of Toxicol., 41, No.l.
Berenblum, I. (1941); The co-carcinogenic action of croton resin. 
Cancer Res., 1_, pp.44-48.
Berenblum, I. (1969); A re-evaluation of the concept of co­
carcinogenesis. In: Progr. in Exp. Tumour Res. II, 
pp.21-30.
Berenblum, I,; The two-stage mechanism of carcinogenesis in bio­
chemical terms. In; The Physiopathology of Cancer (Shubik, 
P. ed.), 1^, Basel; Karger (1974) pp.393-402.
Berenblum, I. (1978); Established principles and unresolved
problems in carcinogenesis. J. Nat. Cancer Inst., 60,
No.l, pp.723-725.
Boutwell, R. K. (1974); The function and mechanism of promoters 
of carcinogenesis. Crit. Rev. Toxicol., _2, pp.419-443.
Bradley, J. V.; Fisher’s exact method for analyzing fourfold 
(2 x 2) contingency tables. In: J. V. Bradley (ed.): 
Distribution-free statistical tests pp.195-203, Englewood 
Cliffs N.Y., Prentice Hall Inc., 1968.
Burek, J. D.; A morphological and experimental study of the age-
associated lesions in ageing BN/Bi, WAG/Rij and (WAG x BN)
FI rats. West Palm Beach. Fla.: CRC Press (1978), pp.58-68.
Burkhart, C. A. and Robinson, J. L. (1978); High rat pup mortality 
attributed to the use of cedar-wood shavings as bedding. 
Lab. Animals, 12, pp.221-222.
Burton, K. (1956); A study of the conditions and mechanism of the 
diphenylamine reaction for the calorimetric estimation of 
deoxyribonucleic acid. Biochem., j62, p.315.
Butler, W. H. In: Aflatoxin : Scientific Background Control and 
Implications (L. A. Goldbladd, ed.) Academic Press, New 
York (1969), pp.223-236.
Butler, W. H., Mattocks, A. R. and Barnes, J. M. (1970); Lesions 
in liver and lungs of rats given pyrrole derivations of 
pyrrolizidine alkaloids, J. Path., 100, pp.169-176.
Butler, W-. H. (1978); Long-term effects of phenobarbitone-Na on 
Male Fischer rats. Br. J. Cancer, 37, pp.418-423.
Butler, W. H. and Hempsall, V. (1978); Histochemical observations 
on nodules induced in the mouse liver by phenobarbitone. 
J. Path., 125, pp.155-161.
Butler, W. H. and Jones, G. (1978); Pathological and Toxicological 
Data on Chlorinated Pesticides and Phenobarbital . Ecotox. 
and Env. Safety, 1_, pp.503-509.
Cabral, J. R. P., Hall, R. K., Bronczyk, S. A. and Shubik, P. (1979) 
A carcinogenicity study of the pesticide dieldrin in 
hamsters. Cancer Letters, 6^, pp.241-246.
Chieco-Bianchi, L., De Benedictis, G., Tridente, G. and Fiore-Donati 
L. (1963); Influence of age on susceptibility to liver 
carcinogenesis and skin initiating action by urethane in 
Swiss mice. Br. J. Cancer, 17, pp.672-680.
Chernozemski, I. N. and Warwick, G. P. (1970a); Production of 
hepatomas in suckling mice after single application of 
8-Priopiolactone. J. Nat. Cancer Inst., 45, pp.709-717.
Chernozemski, I. N. and Warwick, G. P. (1970b); Liver regeneration 
and induction of hepatomas in B6AF1 mice by urethane.
Cancer Res., 30, pp.2685-2690.
Clapp, N. K., Craig, A. W. and Toya, R. E. (1970); Diethylnitros- 
amine oncogenesis in R.F. mice as influenced by variations 
in cumulative dose. Int. J. Cancer, _5, pp.119-123.
Clapp, N. K. and Toya, R. E. (1970); Effect of cumulative dose 
and dose,rate on dimethyInitrosamine oncogenesis in R.F. 
mice. J. Nat. Cancer Inst., 45(3), pp.495-498.
Clapp, N. K., Tyndall, R. L. and Otten, J. A. (1971); Differences
in tumour types and organ susceptibility in BALB/C and R.F. 
mice following dimethylnitrosamine and diethylnitrosamine. 
Cancer Res., 31, pp.196-198.
Clarke, H. E. et al (1977); Dietary Standards for laboratory animals: 
Report of the Laboratory Animals Centre Diets Advisory 
Committee, Lab, Animals, 11, pp.1-28.
Clemmesen, J., Fuglsang-Frederiksen, V. and Plum, C. M. (1974);
Are anti-convulsants oncogenic? Lancet, 1, pp.705-707.
Clemmesen, J. and Hjalgrim-Jensen, S. (1978); Is phenobarbital
carcinogenic? A follow-up of 8078 Epileptics. Ecotox. and 
Env. Safety, 1_, pp.457-468.
Colburn, N. H.; Promotion of tumour cell phenotype in mouse epidermal 
cell lines: mechanism studies. Presented at symposium 
’Cocarcinogenesis and Biological Effects of Tumour Promoters’, 
Elmau, F.R.G. Oct. 13th-16th 1980.
Council of the European Communities; Council Directive of 21st 
December 1978 Articles 1 and 3. Official Journal of the 
European Communities 8.2.79, No. L 33/40.
Craddock, V. M. (1971); Liver carcinomas induced in rats by single 
administration of Dimethylnitrosamine after partial 
hepatectomy. J. Nat. Cancer Inst., 47, No.4, pp.899-905.
Craddock, V. M. (1973a); Induction of liver tumours in rats by a 
single treatment with nitroso compounds given after 
partial hepatectomy. Nature, 245, pp.386-388.
Craddock, V. M. (1973b); The pattern of methylated purines formed 
in DNA of intact and regenerating liver of rats treated 
with the carcinogen dimethylnitrosamine. Biochemica et 
Biophysica. Acta., 312, pp.202-210.
Craddock, V. M. and Frei, J. V. (1974); Induction of liver cell
adenomata in the rat by a single treatment with N-methyl-N- 
nitrosourea given at various times after partial hepatectomy. 
Br. J. Cancer, 30, pp.503-511.
Craddock, V. M. (1975); Effect of a single treatment with the
alkylating carcinogens dimethylnitrosamine, diethylnitros- 
amine and methyl methanesulphonate, on liver regenerating 
after partial hepatectomy. Chem. Biol. Interactions, 10, 
pp.313-321.
Craddock, V. M.; Cell Proliferation and Experimental Liver Cancer 
In: Liver Cell Cancer, pp.153-201. (H.M. Cameron, C. A. 
Linsell and G. P. Warwick Eds.) Elsevier, Amsterdam, 1976.
Craddock, V. M.: Cell Proliferation and .Induction of Liver Cancer 
In: Primary Liver Tumours. Falk Symposium 25. (Remmer, H. 
et al Eds.) MTP Press Ltd., England (1978) pp.377-383.
Crampton, R. F., Gray, T. J. B., Grasso, P., Parke, D. V. (1977a); 
Long-term studies on chemically induced liver enlargement 
in the rat. I Sustained induction of microsomal enzymes 
with absence of liver damage on feeding phenobarbitone or 
butylated hydroxytoluene. Toxicology, pp.289-306.
Crampton, R. F., Gray, T. J. B., Grasso, P., Parke, D. V. (1977b); 
Long-term studies on chemically induced liver enlargement 
in the rat. II Transient induction of microsomal 
enzymes leading to liver damage and nodular hyperplasia 
produced by Safrole and Ponceau M x 9 Toxicology, ]_, 
pp. 307-326.
Dalton, A. J. (1942); Mitochondria and golgi apparatus of induced 
and spontaneous hepatomas in the mouse. J. Nat. Cancer 
Inst., 2_, pp.565-575.
Davis, L. J., Fitzhugh, 0. G. (1962); Tumourigenic potential of 
aldrin and dieldrin for mice. Toxicol. Appl. Pharmacol.,
4-, pp.187-189.
Dean, B. J., Doak, S. M. A., Somerville, H. (1975); The potential 
mutagenicity of dieldrin (HEOD) in mammals. Food Cosmet. 
Toxicol., 13, pp.317-323.
Deichmann, W. B., MacDonald, W. E., Blum, E., Bevilacqua, M., 
RadomskL, J., Keplinger, M. and Balkus, M. (1970); 
Tumourigenicity of aldrin, dieldrin and endrin in the 
albino rat. Ind. Med. Surg., 39, pp.426-434.
Delaunay, J. and Schapira, G. (1974)^  Ribosomes and Cancer. Biomedicine, 
20, pp.327-332.
Della Porta, G. (1968); Use of newborn and infant animals in 
carcinogenicity testing. Food Cosmet. Toxicol., 6_, 
pp.243-252.
Della Porta, G. and Terracini, B. (1969); Chemical carcinogenesis 
in infant animals. Prog. Exp. Tumour Res., 11, pp.334-363
Dessau, F. I., Lipchuck, L. and Klein, S. (1954); Heart lesions
in mice given diets and deficient in Vitamins E and K.
Proc. Soc. Exptl. Biol. Med.,87, pp.522-524.
Diamond, L., O’Brien, T. G., Baird, W. M. (1980); Tumour Promoters
and the Mechanism of Tumour Promotion. Adv. Cancer Res., 
32_, pp. 1-74.
Druckrey, H., Schildback, A., SchmHl, D,, Preussmann, R.,
Ivankovic, S. (1963); Quantitative Analyse der Carcino- 
genen Wirkung von Dihthylnitrosamin. Arzneim-Forschg, 13, 
pp.841-851.
Druckrey, H., Steinhoff, D., Preussmann, R., Ivankovic, S. (1964); 
Erzeugung von Krebs durch eine einmalige Dosis von 
Methylnitroso-Harnstoff und verschiedenen Dialkylnitros- 
aminen an Ratten. Z. Krebsforsch, 66, pp.1-10.
E.P.A. Proposed Health Effects Test Standards for Toxic Substances 
Control Act Test Rules. Federal Register, ^4, No.91, 
p. 27339,1979.
National Cancer Institute (1978); Carcinogenesis Technical Report 
Series Nos. 21 and 22. Bioassays of aldrin and dieldrin 
for possible carcinogenicity, U.S. Department of Health, 
Education and Welfare.
Essner, E. (1967)‘; Ultrastructure of spontaneous hyperplastic 
nodules in mouse liver. Cancer Res., 27, pp.2137-2152.
Farber, E.; Experimental Liver Carcinogenesis: A perspective. In:
"Primary Liver Tumour," Falk Symposium 25, (Remmer, H. et al 
Eds.), MTP Press Ltd., England (1978), pp.257-375.
Federal Register, 39, No.203, October 18th, 1974, p.37270.
Federal Register, Part VI, October 4th, 1977, p.54160.
Ferguson, H. C. (1966); The effect of red cedar chip bedding on
hexobarbital sleep time. J. Pharm. Sci., 55, pp.1142-1143.
Ferrigan, L. W., Hunter, C. G. and Stevenson, D. E. (1965);
Observation on the effects of continued oral exposure of 
rats to dieldrin. Food Cosmet. Toxicol., 3, pp.149-150.
Fitzhugh, 0. G., Nelson, A. A. and Quaife, M. L. (1964); Chronic 
oral toxicity of aldrin and dieldrin in rats and dogs. 
Food Cosmet. Toxicol., 2, pp.551-562.
Food and Agriculture Organisation, Plant Production and Protection 
Paper. Pesticide Residues in Food 1977, pp.1-6.
Food Chemical News (1973); 15 (6), pp.26-31.
Fouts, J. R. (1961); The metabolism of drugs by subfractions of
hepatic microsomes. Biochem. Biophys. Res. Communications, 
_6, pp.373-378.
Frith, C. H., Baetcke, K. P., Nelson, C. J. and Schieferstein, G.
(1979); Importance of the mouse liver tumour in carcino­
genesis bioassay studies using benzidine dihydrochloride 
as a model. Toxicology Letters, 4, pp.507-518.
Frith, C. H., Kodell, R. L., Littlefield, N. A. (1980); Biologic 
and morphologic characteristics of hepatocellular lesions 
in BALB/C female mice fed 2-acetylaminofluorene. J. Environ. 
Pathol. Toxicol., 3 (3), pp.121-138.
Fukumori, N., Mikuriya, H. and Hiraga, K. (1975); Electron micro­
scopic observations on rat liver treated with butylated 
hydroxytoluene (BHT). J. Electron Microscopy, 24^, pp.192-193.
Garner, R. C.-; Aflatoxin B^  activation and its importance for biological 
activity. In: "Primary Liver Tumours". Falk Symposium 25, 
(Retnmer, H. et al, Eds.) MTP Press Ltd., England, (1978), 
pp.295-303.
Gaunt, I. F. and Lane-Petter, W. (1967); Vitamin K deficiency in 
’SPF1 rats. Lab. Animals, 1_, pp. 147-149.
Gellatly, J. B. M.; The natural history of hepatic parenchymal
nodule formation in a colony of C57 B1 mice with reference 
to the effect of diet. In: "Mouse Hepatic Neoplasia" 
(Butler, W. H. and Newberne, P. M. Eds.) Elsevier, 
Amsterdam, Oxford and New York, (1975), Chapters 5 and 8B.
Gilbert, D. and Golberg, L. (1967); BHT oxidase. A liver-micro­
somal enzyme induced by the treatment of rats with butylated 
hydroxy toluene. Food Cosmet. Toxicol., 5^  pp. 481-490.
Goerttler, K. and Lbhrke, H. (1977); Diaplacental carcinogenesis: 
Tumour localisation and tumour incidence in NMR1 mice 
after Diaplacental initiation with DMBA and Urethane and 
postnatal promotion with the Phorbpl Ester TPA in a 
modified 2-stage Berenblum/Mottram Experiment. Virchows 
Arch. A Path. Anat. and Histol., 376, pp.117-132.
Golberg, L. (1966); Liver enlargement produced by drugs: Its 
significance. Proc. Europ. Soc. for the Study of Drug 
Toxicity, 7, pp.171-184.
Goldblatt, P. J., Gillies, C. G. and Oler, A. (1973); Ultra-
structural changes in hepatic cells of the Male rat induced 
by DL-Ethionine. Lab. Invest., 28, No.2, pp.206-216.
Gomori, G. (1952); Microscopic Histochemistry. Principles and 
Practice. University of Chicago Press, Chicago.
Grasso, P. and Hardy, J.; Strain differences in natural incidence 
response to carcinogenesis. In: Mouse Hepatic Neoplasia, 
(Butler, W. H. and Newberne, P. M. Eds.) Elsevier, Amsterdam, 
Oxford and New York, (1975), Chapter 6.
Grasso, P. (1977); Hepatic nodules and tumours in the rat. B.I.B.R.A. 
Information Bulletin, 16, No.10, pp.520-523.
Grasso, P. and Gray, T. J. B. (1977); Long-term studies on chemically 
induced liver enlargement in the rat. Ill Structure and 
behaviour of the hepatic nodular lesions induced by 
Ponceau MX. Toxicology, 7, pp. 327-347.
Gross, A. and Clark, V.; Life Table Analysis of Survival Data.
In: Survival Distribution: Reliability Application in the 
Biomedical Sciences. Pub. Wiley, New York, London, Sydney, 
Toronto (1975) pp. 23-45.
Grunthal, D. et al (1970); Z Naturforsch (B), 25b (11), pp.1277-1281
Gustafsson, B. E. (1959); Vitamin K deficiency in germ free rats 
Ann. N.Y. Academy Science, 78, 1, pp.166-174.
Hacking, M. R. and Lane-Petter, W. (1968); Factors influencing 
dietary Vitamin K requirements of rats and mice.
Lab. Animals, 2, pp.131-141.
Haese, W. H., Smith, D. L. and Bueding, E. (1973); Hycanthone-
induced hepatic changes in mice infected with Schistosoma 
mansoni. J. Pharmacol. Exp. Ther., 18$ pp.430-440.
Haese, W. H. and Bueding, E. (1976); Long-term hepatocellular
effects of hycanthone and of two other anti-schistosomal 
drugs in mice infected with Schistosoma mansoni.
J. Pharmacol. Exp. Ther., 197, pp.703-713.
Helyer, B. J. and Petrelli, M. (1978); Cytoplasmic inclusions 
in spontaneous hepatomas of CBA/H-T6T6 mice. Histo­
chemistry and electron microscopy. J. Nat. Cancer Inst., 
60, No.4, pp.861-869.
Heston, W. E. and Vlahakis, G. (1961); Influence of the A^ gene on 
mammary gland tumours, hepatomas and normal growth in mice.
J. Nat. Cancer Inst., 26, pp.969-983.
Heston, W. E. and Vlahakis, G. (1962); Genetic obesity and neoplasia, 
J. Nat. Cancer Inst., 29, pp.197-209.
Hicks, R. M., Wakefield, J. St. J. and Chowaniec, J. (1975);
Evaluation of a new model to detect bladder carcinogens or 
co-carcinogens; results obtained with saccharin, cyclamate 
and cyclophosphamide. Chem. Biol. Interact., 11_, pp.225-233.
Higgins, G. M. and Anderson, R. M. (1931); Experimental pathology 
of the liver. 1. Restoration of the liver of the white 
rat following partial surgical removal. Arch. Path.,
12, p p . 1 8 6 - 2 0 2 .
Hollander, C. F. (1967); Preliminary note on the relations between 
regenerative growth, ageing and tumour formation in the 
mouse liver. Epatologia, 13, pp.448-454.
Hollander, C. F. and Bentvelzen, P. (1968); Enhancement of Urethan 
induction of hepatomas in mice by prior partial hepatectomy. 
J. Nat. Cancer Inst., 41, No.6, pp.1303-1306.
Hruban, Z., Mochizuki, M. D., Morris, H. P. and Slesers, B. S. (1966) 
Endoplasmic reticulum, lipid and glycogen of Morris hepa­
tomas. Lab. Invest., 15, No.3, pp.576-588.
Hutson, D. H. (1976); The comparative metabolism of dieldrin in the 
rat (CFE) and in the two strains of mouse (CF1 and LACG).
Food Cosmet. Toxicol., 14, pp.577-591.
Hutterer, F., Franklin, M., Wengraf, A., Schaffner, F. and Popper,
H. (1969); Hepatocellular adaptation and injury. Structural 
and biochemical changes following dieldrin and methyl 
butter yellow. Lab. Invest., 20, No.5, pp.455-464.
Ito, N., Nagasaki, H., Arai, M., Sugihara, S. and Makiura, S.
(1973); Histologic and ultrastructural studies on the hepato- 
carcinogenicity of Benzene hexachloride in mice. J. Nat. 
Cancer Inst., 51, No.3, pp.817-826.
Ito, N., Tatematsu, M., Hirose, M., Nakanishi, K. and Murasaki, G. 
(1978); Enhancing effect of chemicals on production of 
hyperplastic liver nodules induced by N-2-Fluorenyl-aceta- 
mide in hepatectomised rats. Gann, 6 S pp.143-144.
Jager, K. W.; Aldrin, Dieldrin, Endrin and Telodrin - An epidemio­
logical and toxicological study of long-term occupational 
exposure. Elsevier, Amsterdam, London, New York (1970).
Jones, D. M. (1977); The occurrence of dieldrin in sawdust used as 
a bedding material. Lab. Animals, 11, p.137.
Kessel, D., Sykes, E. and Henderson, M. (1977); Glycosyltrans- 
ferase levels in tumours metastatic to liver and in 
uninvolved liver tissue. J. Nat. Cancer Inst., 59, 
pp.29-32.
Kimbrough,R. D., Gaines, T. B. and Linder, R. E. (1971); The 
ultrastructure of livers of rats fed DDT and dieldrin. 
Arch. Environ. Health, 22, pp.460-467.
Kimbrough, R. D., and Lindner, R. E. (1978); The effect of technical 
and purified pentachlorophenol on the rat liver. Toxicol. 
Appl. Pharmacol., 46, pp.151-162.
Kimura, N. T., Kanematsu, T. and Baba, T. (1976); Polychlorinated 
biphenyl(s) as a promoter in experimental hepatocarcino- 
genesis in rats. Z. Krebsforsch, 87, pp.257-266.
Kleihues, P. and Margison, G. P. (1974); Carcinogenicity of N-Methyl
N-nitrosourea. Possible role of excision repair of 0-Methyl
guanine from DNA. J. Nat. Cancer Inst., 53, pp.1839-1841.
Kyriazis, A. P., Koka, M. and Vesselinovitch, S. D. (1974);
Metastatic rate of liver tumours induced by diethylnitros-
amine in mice. Cancer Res., 34, pp.2881-2886.
Lane, M., Liebelt, A., Calvert, J. and Liebelt, R. A. (1967); Effect 
of partial hepatectomy on tumour incidence in BALB/C mice 
treated with urethan. Fed. Proc., 26, p.625.
Lawley, P. D.; In: Screening Tests in Chemical Carcinogenesis.
(R. Montesano, H. Bartsch and L. Tomatis, Eds.) IARC 
Publications, No.12 Lyon (1976), pp.181-208.
Laws, E. R., Curley, A. and Biros, F. J. (1967); Men with intensive 
occupational exposure to DDT: A clinical and chemical study. 
Arch. Environ. Health, 15, pp.766-775.
Laws, E. R., Maddrey, W. C., Curley, A. and Burse, V. W. (1973);
Men with intensive occupational exposure to DDT: Effect 
on the human liver. Arch. Environ. Health, 27, pp.318-321.
Laws, J
Lawson,
Lawson,
Lin, J.
Loub,
Lowry,
Maini,
Maini,
. 0. (1959); Tissue regeneration and tumour development.
Br. J. Cancer, 13, pp.669-674.
3
T. A. and Pound, A. W. (1971); The reaction of urethane- H 
with mouse liver nuclei acids in vivo. Pathology, 3_, 
pp.223-225.
T. A. and Pound, A. W. (1973); The interaction of C-14 
labelled alkyl carbamates, labelled in the alkyl and 
carbonyl positions with DNA in vivo. Chem. Biol. Interact., 
pp.99-105.
J., Liu, C. and Svoboda, D. J. (1974); Long-term effects 
of aflatoxin B^  and viral hepatitis on marmoset liver.
A preliminary report. Lab. Invest., 3£, pp.267-278.
. D., Wattenberg, L. W. and Davis, D. W. (1975); Aryl 
hydrocarbon hydroxylase induction in rat tissues by 
naturally occurring indoles of cruciferous plants. J. Nat. 
Cancer Inst., 544, pp.985-988.
0. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. 
(1951); Protein measurement with the folin phenol reagent. 
J. Biol. Chem., 193, p.265.
M. M. and Stich, H. F. (1961); Chromosomes of tumour cells.
II Effect of various liver carcinogens on mitosis of hepatic 
cells. J. Nat. Cancer Inst., _26, pp.1413-1424.
M. M. and Stich, H. F. (1962); Chromosomes of tumour cells.
III Unresponsiveness of precancerous hepatic tissues and 
hepatomas to a mitotic stimulus. J. Nat. Cancer Inst.,
28, pp.753-762.
Marquardt, H., Sternberg, S. S. and Phillips, F. S. (1970); 7.12-
Dimethylbenz(a)anthracene and hepatic neoplasia in regenera­
ting rat liver. Chem. Biol. Interact. (2), pp.401-403.
McNutt, N. S., Amster, R. L., McConnell, E. E. and Morris, F.
(1975); Hepatic lesions in mice after continuous inhalation 
exposure to 1,1,1,-Trichloroethane. Lab. Invest.,32, No.5, 
pp.642-654.
Meier, H. and Myers, D. D. (1973); Chemical and viral co-carcino­
genesis: Differential action of various compounds. 
Derepression of endogenous C-type RNA genomes and influence 
of different genotypes of mice. Bibl. Haematol., No.39, 
pp.553-573.
Meier, H., Taylor, B. A., Cherry, M. and Huebner, R. J. (1973);
Host-gene control of type-C RNA tumour virus expression 
and tumorigenesis in inbred mice. Proc. Nat. Acad. Sci., 
70, No.5, pp.1450-1455.
Merkov, L. P., Epstein, S. M., Farber, E., Parolo, M. and Bartus, B. 
(1969); Cellular analysis of liver carcinogenesis III 
Comparison of the ultrastructure of hyperplastic liver 
nodules and hepatocellular carcinomas induced in'rat liver 
by 2-fluorenylacetamide. J. Nat. Cancer Inst., 43, No. 1 
pp. 33-63.
Miller, J. A. and Miller, E. C.; In: The Molecular Biology of Cancer 
CH. Busch, Ed.), Academic Press, New York (1974), pp.377-402,
Mirvish, S. S., Cividalli, G. and Berenblum, I. (1964); Slow
elimination of urethan in relation to its high carcino­
genicity in newborn mice. Proc. Soc. Exptl. Biol., 116, 
pp.265-268.
Mondal, S., Brankow, D. W. and Heidelberger, C. (1976); Two-stage 
chemical oncogenesis in cultures of C3H/10T1/2 cells. 
Cancer Res., 36, pp.2254-2260.
Narisawa, T., Magadia, N. E., Weisburger, J. H. and Wynder, E. L.
(1974); Promoting effect of bile acids on colon carcino­
genesis after intrarectal instillation of N-methyl-N -nitro- 
N-nitrosoguanidine in rats. J. Nat. Cancer Inst., 53, pp.1093- 
1097.
National Cancer Institute (1978); Bioassay of aldrin and dieldrin 
for possible carcinogenicity. Summary of results.
Federal Register, 43, No.11, pp.2450-2451.
Nebert, D. W., Robinson, J. R., Niwa, A., Kumaki, K. and
Poland, A. P. (1975); Genetic expression of aryl hydro­
carbon hydroxylase activity in the mouse. J. Cell 
Physiol.,85, pp.393-414.
Nebert, D. W. and Felton, J. S.; Evidence for the activation of 
3-methylcholanthrene as a carcinogen in vivo and as a 
mutagen in vitro by P^-450 from inbred strains of mice. 
In: Cytochromes P-450 and b5, (J. Y. Cooper et al, Eds.) 
New York (1975), pp.127-149.
Nelson, A. A., Fitzhugh, 0. G. and Calvery, H. 0. (1943); Liver 
tumours following cirrhosis caused by Selenium in rats. 
Cancer Res., _3, pp.230-236.
Netter, K. J. and Seidel, G. (1964); An adaptively stimulated 0-
demethylating system in rat liver microsomes and its kinetic 
properties. J. Pharmacol. Exp. Ther., 146, p.61.
Newberne, P. M.; Carcinogenicity of Aflatoxin-contaminated peanut 
meal. In: Mycotoxins in foodstuffs. (G. N. Wogan, Ed.), 
M.I.T. Press, Cambridge, Mass., U.S.A. (1965), pp.187-208.
Newberne, P. M., Harrington, D. H. and Wogan, G. N. (1966); Effects 
of cirrhosis and other liver insults on induction of liver 
tumours by aflatoxin in rats. Lab. Invest., 15, pp.962-969.
Newberne, P. M. and Butler, W. H. (1969); Acute and chronic effects 
of aflatoxin on the liver of domestic and laboratory 
animals - a review. Cancer Res., 29, pp.236-250.
Newberne, P. M.; Carcinogenicity of Aflatoxin-contaminated peanut 
meals in Mycotoxins in Foodstuffs. (N. Wogan, Ed.), M.I.T. 
Press, Cambridge, Mass., U.S.A. (1965), pp.187-208.
Newberne, J. W.; In: Mouse Hepatic Neoplasia, (W. H. Butler and 
P. M. Newberne, Eds.), Elsevier Scientific Publishing 
Company, Amsterdam, (1975), Chapter 9, pp.165-173.
Nishizumi, M. (1970); Light and electron microscope study of 
chlorobiphenyl poisoning. Arch. Environ. Health, 21, 
pp.620-632.
Norback, D. H. and Allen, J. R. (1969); Morphogenesis of toxic
fat-induced concentric membrane arrays in rat hepatocytes, 
Lab. Invest., 210, No.4, pp.338-346.
Oehlert, W.; Radiation-induced liver cell carcinoma in the rat.
In: "Primary Liver Tumours", Falk Symposium 25, (Remmer 
et al, Eds.), M.T.P. Press Ltd., England, (1978), 
pp.217-225.
Orrenius, S., Ericsson, J. L. E. and Ernster, L. (1965); Pheno- 
barbital-induced synthesis of the microsomal drug-meta­
bolising system and its relationship to the proliferation 
of endoplasmic membrane. A morphological and biochemical 
study. J. Cell. Biol., 35, pp.627-639.
Ortega, D. (1966); Light and electron microscopy of dichloro-
diphenyl trichloroethane (DDT) poisoning in the rat liver. 
Lab. Invest., 13, No.4, pp.657-679.
Parke, D. V.; Biochemical aspects of carcinogenesis. In: Principles 
of Surgical Oncology, (R. W. Raven, Ed.) Plenum, London,
(1977) .
Parke, D. V.; The role of the endoplasmic reticulum' in carcinogenesis 
In: "Regulatory Aspects of Carcinogenesis and Food Additives: 
The Delaney Clause". Academic Press, Inc., New York, San 
Francisco., London, (1979), pp.173-187.
Peers, F. G., Gilman, G. A. and Linsell, C. A. (1976); Dietary
aflatoxins and human liver cancer. A study in Swaziland. 
Int. J, Cancer, L7, pp.167-176.
Peraino, C., Fry, R. J. M. and Staffeldt, E. (1971); Reduction 
and enhancement by phenobarbital of heptocarcinogenesis 
induced in the rat by 2-acetylaminofluorene. Cancer Res 
31, pp.1506-1512.
Peraino, C., Fry, R. J. M. and Staffeldt, E. (1973); Enhancement 
of spontaneous hepatic tumourigenesis in C3H mice by 
dietary phenobarbital. J. Nat. Cancer Inst., 51, No.4, 
pp.1349-1350.
Peraino, C., Fry, R. J. M., Staffeldt, E. and Kisieleski, W. E.
(1973); Effects of varying the exposure to phenobarbital 
on its enhancement of 2-acetylaminofluorene-induced 
hepatic tumourigenesis in the rat. Cancer Res., 33, 
pp.2701-2705.
Peraino, C., Fry, R. J. M., Staffeldt, E. and Christopher, J. P.
(1975); Comparative enhancing effects of phenobarbital, 
amobarbital, diphenylhydantoin and dichlorodiphenyltri- 
chloroetbLane on 2-acetylaminofluorene-induced hepatic 
tumourigenesis in the rat. Cancer Res., 35, pp.2884-2890
Peraino, C., Fry, R. J. M., Staffeldt, E. and Christopher, J. P.
(1977); Comparative enhancing effects of phenobarbital 
and butylated hydroxytoluene on 2-acetylaminofluorene- 
induced hepatic tumourigenesis in the rat. Food Cosmet. 
Toxicol., 15, pp.93-96.
Phillips, M. J., Langer, B., Stone, R., Fisher, M. M. and Ritchie, S 
(1973); Benign liver cell tumours. Classification and 
ultrastructural pathology. Cancer, 32, pp.463-470.
Porter, K. R. and Bruni, C. (1959); An electron microscopic study 
of the early effects of 3’-Me-DAB on rat liver cells.
Cancer Res., 19_, pp.997-1009.
Pound, A. W. and Lawson, T. A. (1974); Effects of partial hepatectomy 
on carcinogenicity, metabolism and binding to DNA of Ethyl 
Carbamate. J. Nat. Cancer Inst., 53, No.2, pp.423-429.
Pound, A. W. (1978); Influence of carbon tetrachloride on induction 
of tumours of the liver and kidneys in mice by nitrosamines. 
Br. J. Cancer, 37, pp.67-75.
Pound, A. W. and McGuire, L. J. (1978a); Influence of repeated 
liver regeneration on hepatic carcinogenesis by 
diethylnitrosamine in mice. Br. J. Cancer, 37, pp.595-602.
Pound, A. W. and McGuire, L. J. (1978b); Repeated partial hepatectomy 
as a promoting stimulus for carcinogenic response of liver 
to nitrosamines in rats. Br. J. Cancer, 37, pp.585-594.
Ragnotti, G. and Aletti, M. G. (1975); The effect of phenobarbitone 
on protein synthesis by liver polyribosomes in fed and 
starved rats. Biochem. J., 146, pp.1-12.
Remmer, H. (1972); Induction of drug metabolizing enzyme system 
in liver. Europ. J. Clin. Pharmacol., 5_, pp.116-136.
Reuber, M. D. (1967); Poorly differentiated cholangiocarcinomas 
occurring "spontaneously" in C3H and C3H x Y hybrid mice, 
J. Nat. Cancer Inst., 38, pp.901-907.
Reuber, M. D. (1971); Morphologic and biologic correlation of 
hyperplastic and neoplastic hepatic lesions occurring 
spontaneously in C3H x Y hybrid mice. Br. J. Cancer, 
25, pp.538-543.
Roe, F. J. C.; Neonatal induction of hepatic and other tumours.
In: Mouse Hepatic Neoplasia, (W. H. Butler and P. M. 
Newberne, Eds.), Elsevier, Amsterdam, Oxford and New York, 
(1975).
Rogers, A. E., Kula, N. S. and Newberne, P. M. (1971); Absence of 
an effect of partial hepatectomy on aflatoxin B^  carcino­
genesis. Cancer Res., 31, pp.491-495.
Rossi, L., Ravera, M., Repetti, G. and Santi, L. (1977); Long-term 
administration of DDT or phenobarbital-Na in Wistar rats. 
Int. J. Cancer, 19, pp.179-185.
Sabine, J. R., Horton, B. J. and Wicks, M. B. (1973); Spontaneous 
tumours in C3H-AV^ and C3H-Av^f B mice: High incidence in 
the United States and low incidence in Australia. J. Nat. 
Cancer Inst., 50, pp.1237-1242.
Sabine, J. R. (1975); Exposure to an environment containing the 
aromatic red cedar, Junipeius virginiana: Procarcinogenic 
enzyme—inducing and insecticidal effects. Toxicology,
5, pp.221-235.
Schaffner, F. and Popper, H. (1963); Capillarization of hepatic 
sinusoids in man. Gastroenterology, 44, 239-242.
Scherer, E. and Emmelot, P. (1975a); Foci of altered liver cells
induced by a single dose of diethylnitrosamine and partial 
hepatectomy; Their contribution to hepatocarcinogenesis 
in the rat. Europ. J. Cancer, 11, pp.145-154.
Scherer, E. and Emmelot, P. (1975b); Kinetics of induction and 
growth, of precancerous liver-cell foci and liver tumour 
formation by Diethylnitrosamine in the rat. Europ. J. 
Cancer, 11, pp.689-696.
Schmal, D. and Thomas, C. (1962); Naturwissenschaften, 49_, (22), 
pp.521-522.
Schmal, D.; Entsthung, Wachstum und Chemotherapie maligner Tumoren. 
Arnzeim, Forschg., 21st Beiheft, Editio Cantor, K. G., 
Aui.endorf/WUrth, 2 Aufl. (1970).
Schoental (1974); Role of podophyllotoxin in the bedding and dietary 
zearalenone on the incidence of spontaneous tumours in 
laboratory animals. Cancer Res., 34, pp.2419-2420.
Schulte-Hermann, R. (1974); Induction of liver growth by xenobiotic 
compounds and other stimuli. Crit. Rev. Toxicol., _3, 
pp.97-158.
Schulte-Hermann, R.; Induction of liver growth by dtugs and tumour
promotion by drugs and environmental pollutants. In: Primary 
Liver Tumours. (H. Remmer, H. M. Bolt, P. Bannasch and 
H. Popper, Eds.), M.T.P. Press Ltd., Lancaster, England,
(1978), pp.385-394.
Shank, R. C. and Newberne, P. M. (1976); Dose-response study of 
carcinogenicity of dietary sodium nitrite and morpholine 
in rats and hamsters. Food Cosmet. Toxicol., 14, pp.1-8.
Sherlock, S.; Hepatic Tumours and Sex Hormones. In: Primary Liver
Tumours (Remmer, H. et al, Eds.), M.T.P. Press Ltd., 
England, (1978) pp. 201-212.
Shinozuka, H. and Este, S. (1977); Activation of intra-cisternal A 
particles in mouse liver by Diethylnitrosamine. J. Nat. 
Cancer Inst., 58, pp.1163-1165.
Slaga, T. J. Specificity and Mechanism(s) of promoter inhibitors 
in multistage promotion. Presented at Symposium 
’Cocarcinogenesis and Biological Effects of Tumour 
Promoters', Elmau, F.R.G., October 13th-16th, 1980.
Snedecor, G. W. and Cochran, W. G.; Statistical Methods, Iowa State 
University Press, (1968).
Solt, D. and Farber, E. (1976); New principle for the analysis of 
chemical carcinogenesis. Nature, 263, pp.701-703.
Solt, D., Medline, A. and Farber, E. (1977); Rapid emergence of
carcinogen-induced initiated hepatocytes in liver carcino­
genesis. Proc. Amer. Assoc. Cancer Res., 18, p.52.
Steinhoff, D. (1975); Effect of Diethylnitrosamine on the livers of 
rats after high oral doses administered at intervals between 
3 and 24 days. Acta Hepato-Gastroenterol, 22, pp.72-77.
Squire, R.; Federal Register, 45, No.15, (1980), Rules and 
Regulations, p.5071.
Suzuki Hideko, Nakao Toshiko and Hiraga Kozo (1979); Vitamin K 
deficiency in male rats fed diets containing butylated 
hydroxytoluene (BHT). Toxicol. Appl. Pharmacol.,
50, pp.261-266.
Svoboda, D. and Reddy, J.; Some effects of chemical carcinogens
on cell organelles. A comprehensive treatise. Cancer, 1_, 
(F. F. Becker, Ed.), Plenum Press, New York and London,
(1975), pp.289-322.
Swann, R. F. and Magee, P. N. (1968); Nitrosamine-induced carcino­
genesis. Biochem. J., 110, pp.39-47.
Takahashi, 0. and Hiraga, K. (1978a); Effects of low levels of
butylated hydroxytoluene on the prothrombin index of male 
rats. Food Cosmet. Toxicol., 16, pp.475-477.
Takahashi, 0. and Hiraga, K. (1978b); Dose-response study of
haemorrhagic death by dietary butylated hydroxytoluene 
(BHT) in male rats. Toxicol, and Appl. Pharmacol., 43, 
pp.399-406.
Takayama, S.; Carcinogenesis and cell proliferation in mouse liver 
with dime thyInitrosamine. In: Mouse Hepatic Neoplasia, 
(W. H. Butler and P. M. Newberne, Eds.), Elsevier, 
Amsterdam, (1975).
Tanikawa, K.; In; Ultrastructural Aspects of the Liver and its
Disorders, Springer-Verlag, Berlin, Heidieberg, New York, 
Igaku ShoinLtd., Tokyo, (1968), p.227.
Tannenbaum, A. and Silverstone, H. (1949a); The genesis and growth 
of tumours. IV Effects of varying the proportion of protein 
(casein) in the diet. Cancer Res., 9_, pp.162-173.
Tannenbaum, A. and Silverstone, H. (1949b); The influence of the 
degree of caloric restriction on the formation of skin 
tumours and hepatomas in mice. Cancer Res., pp.724-727
Tatematsu, M., Murasaki, G., Nakanishi, K., Miyata, Y., Shinohara, 
Y. and Ito, N. (1979a); Sequential quantitative studies 
on hyperplastic nodules in the liver of rats treated with 
carcinogenic chemicals. Gann, 70, pp.125-130.
Tatematsu, M., Nakanishi, K., Murasaki, G., Miyata Yukitada, 
Hirose, M. and Ito, N. (1979b); Enhancing effect of 
inducers of liver microsomal enzymes on induction of 
hyperplastic liver nodules by N-2-Fluorenylacetamide in 
rats. J. Nat. Cancer Inst., 65, No.6, pp.1411-1416.
Teebor, G. W. and Seidman, I. (1970); Retention of metabolic
regulation in the hyperplastic hepatic nodule induced by 
N-2-fluorenylacetamide. Cancer Res., 30, pp.1095-1101.
Tennekes, H. A., Wright, A. S. and Dix, K. M. (1979); The effects 
of Dieldrin, diet and other environmental components on 
enzyme function and tumour incidence in livers of CF1 mice 
Arch. Toxicol., Suppl. 2, pp.197-212.
Terracini, B. and Magee, P. N. (1964); Renal tumours in rats 
following injection of dimethylnitrosamine at birth. 
Nature (London), 202, pp.502-503.
Terracini, B., Palestro, G., Gigliardi, M. R. and Montesano, R.
(1966); Carcinogenicity of Dimethylnitrosamine in Swiss 
mice. Br. J. Cancer, 20, pp.871-876.
Terracini, B. and Testa, M. C. (1970); Carcinogenicity of a single 
administration of N-Nitrosomethylurea: A comparison between 
newborn and 5-week old mice and rats. Br. J. Cancer, 24, 
pp.588-598.
Terracini, B., Testa, M. C., Cabral, J. R. and Rossi, L. (1976);
The roles of age of treatment and dose in carcinogenesis 
in C3H£/Dp mice with a single administration of N-nitroso- 
N-methylurea. Br. J. Cancer, 33, pp.427-439.
Thorpe,
Tomatis
Tomatis
Toth, B
Toth, B
Toth, K
Treon,
Trosko,
E. and Walker, A. I. T. (1973); The toxicology of dieldrin 
(HEOD) II Comparative long-term oral toxicity studies in 
mice with dieldrin, DDT, phenobarbitone, 3-BHC and y-BHC. 
Food Cosmet. Toxicol., II, pp.433-442.
, L., Partensky, C. and Montesano, R. (1973); The predictive 
value of mouse liver tumour induction in carcinogenicity 
testing - a literature survey. Int. J. Cancer, 12_, pp. 1-20.
, L., Turufcov, V., Day, N. and Charles, R. T. (1972);
The effects of long-term exposure to DDT on CFl mice.
Int. J. Cancer, 10, pp.489^506.
., Magee, P. N. and Shubik, P. (1964); Carcinogenesis study 
with Dimethylnitrosamine administered orally to adult and 
subcutaneously to newborn BALB/C mice. Cancer Res., 24, 
pp.1712-1721.
. (1968); A critical review of experiments in chemical 
carcinogenesis using newborn animals. Cancer Res., 28, 
pp.727-738.
., Somosy, Z., Bence, J. and Si gar, J. (1975); Studies of 
globular bodies found in hepatomas of Swiss mice.
Z. Krebsforsch. Klin. Onkol., 84, No.l, pp.67-73.
\ F., Cleveland, F. P., Schaffer, F. E., Wagner, W., Moody, H., 
Marshall, T., Noyes, G., Battle, M. and Cappel, J. (1953); 
Toxicity of aldrin, dieldrin and DDT when fed to rats over a 
period of 27 weeks. Report of Kettering Lab., Cincinnati,
Ohio, U.S.A.
J. E., Dawson, B., Yotti, L. P., Chang, C. C. (1980);
Saccharin may act as a tumour promoter by inhibiting metabolic 
cooperation between cells. Nature (London), 285 
pp.109-110.
Trosko, J. E., Yotti, L. P., Dawson, B. and Chang, C. C.; In vitro 
assay for.tumour promoters. In; Short-Term Tests for 
Chemical Carcinogens, (R. H. C. San and H. F. Stich, Eds.), 
Springer-Veriag, New York. In press.
Tsuda, H., Sarma, D. S. R., Rajalakshmi, S., Zubroff, J., Farber, E., 
Batzinger, R. P., Nam Cha, Y. and Bueding, E. (1979); 
Production of hepatic neoplastic lesions in mice with a 
single dose of Hycanthone Methanesulphonate after partial 
hepatectomy. Cancer Res., 39_, pp.4491-4496.
Tsuda, H., Lee, G, and Farber, E. (1980); Induction of resistant 
hepatocytes as a new principle for a possible short-term 
in vivo test for carcinogens. Cancer Res., 4U, pp.1157-1164.
Turusov, V., Deringer, M. K., Dunn, T. B. and Stewart, H. L. (1973); 
Malignant mouse-liver tumours resembling human hepato­
blastomas. J. Nat. Cancer Inst., 51^  No.5, pp.1689-1695.
Turusov, V., Day, N. E., Tomatis, L., Gati, E. and Charles, R. T. 
(1973); Tumours in CFl mice exposed for six consecutive 
generations to DDT. J. Nat. Cancer Inst., 51, pp.983-997.
Versteeg, J. P. J. and Jager, K. W. (1973); Long-term occupational 
exposure to the insecticides aldrin, dieldrin, endrin and 
telodrin. Brit. J. Ind. Med., 30, pp.201-202.
Vesselinovitch, S. D., Mihailovich, N., Wogan, G. N., Lombard, L. S. 
and Rao, K. V. N. (1972); Aflatoxin B1 , a Hepatocarcinogen 
in the infant mouse. Cancer Res., 3^2, pp.2289-2291.
Vesselinovitch, S. D., Kyriazis, A. P., Mihailovich, N. and Rao, K. V 
N. (1975); Conditions Modifying Development of Tumours in 
Mice at Various Sites by Benzo(a)pyrene. Cancer Res., 35, 
pp.2948-2953.
Vesselinovitch, S. D., Mihailovich, N. and Rao, K. V. N. (1978);
Morphology and Metastatic Nature of Induced Hepatic Nodular 
Lesions in C57B1 x C3HF1 Mice. Cancer Res., 38, pp.2003-2010
Vesselinovitch, S. D., Rao, K. V. N. and Mihailovich, N. C1979);
Neoplastic response of mouse tissues during perinatal age 
periods and its significance in chemical carcinogenesis. 
Nat. Cancer Inst. Monogr., 51, pp.239-250.
Vessell, E. S. (1967); Induction of drug-metabolising enzymes in 
liver microsomes of mice and rats by softwood bedding. 
Science, 157, pp.1057-1058.
Vlahakis, G. and Heston, W. E. (1971); Spontaneous cholangromas 
in strain CSH-A^fB mice and in their hybrids. J. Nat. 
Cancer Inst., 46, pp.677-683.
Vlahakis, G. (.1977); Possible carcinogenic effects of cedar
shavings in bedding of C3H-A^*fB mice. J. Nat. Cancer 
Inst., 58, No.l, pp.149-150.
Wachstein, M. and Meisel, E. (1956); On the histochemical
demonstration of glucose-6-phosphatase. J. Histochem. and 
Cytochem., 4, p.592.
Wade, A. E., Holl, J. E., Hilliard, C. C., Molton, E., Greene, F. E, 
(1968); Alteration of drug metabolism in rats and mice by 
an environment of cedarwood. Pharmacology, 1, pp.317-328.
Walker, A. I. T., Stevenson, D. E., Robinson, J., Thorpe, E. and
Roberts, M. (1969); The toxicology and pharmacokinetics of 
dieldrin (HEOD): two year oral exposures of rats and dogs. 
Toxicol. Appl. Pharmacol., 15, pp.345-373.
Walker, A. I. T., Thorpe, E. and Stevenson, D. E. (1973); The 
toxicology of dieldrin (HEOD) I. Long-term oral 
toxicity studies in mice. Food Cosmet. Toxicol., 11, 
pp.415-431.
Ward, J. M., Bernal, E., Buratto, B., Goodman, D. G., Strandberg, J. D, 
and Schueler, R. (1979); Histopathology of neoplastic and 
non-neoplastic hepatic lesions in mice fed diets containing 
tetrachlorvinphos. J. Nat. Cancer Inst., 63, pp.111-118.
Warren, L., Fuhrer, J. P., Tuszynski, G. P. and Buck, C. A. (1974);
Cell-surface glycoproteins in normal and transformed cells. 
Biochem. Soc. Symp., 40, pp.147-157.
Warwick, G. P. (1967); The covalent binding of metabolites of
tritiated 2-Methyl-4-dimethylaminoazobenzene to rat liver 
nucleic acid and proteins and the carcinogenicity of the 
unlahelled compound in partially hepatectomised rats. 
Europ. J. Cancer, 3^, pp.227-233.
Watanabe, M. and Konno, K. (1975); Properties of aryl hydrocarbon 
(benzo a pyrene)hydroxylase in the liver from C3H/He and 
DBA/2 strains, of mice, Gann, 66, p. 113.
Weider, R., Wogan, G. N. and Shimkin, M.B. (1968); Pulmonary tumours in 
strain A mice given injections of Aflatoxin B, . J. Nat.
Cancer Inst., 40, pp.1195-1197.
Weinbren, K.; Induction of liver nodules after portacaval
anastomosis in rats. In: Primary Liver Tumours, (Remmer, H. 
etal, Eds.), M.T.P. Press Ltd., England, (1978), pp.395-399.
Weinstein, I. B., Wigler, M., Fisher, P. B., Sisskin, E. and
Pietropaolo, C.; Cell culture studies on the biologic effects 
of tumour promoters. In; Carcinogenesis Vol.2 Mechanisms 
of Tumour Promotion and Cocarcinogenesis, (T. J. Slaga,
A. Sivak and R. K. Boutwell, Eds.), Raven Press, New York,
(1978), pp.313-333.
Williams, D. J. and Rabin, B. R. (1971); Disruption by carcinogens 
of the hormone dependent association of membranes with 
polysomes. Nature, 232, pp.102-105.
Witschi, H. and Lock, S.; Butylated Hydroxytoluene: A possible 
promoter of adenoma formation in mouse lung. In: 
Carcinogenesis, Vol. 2, Mechanisms of tumour promotion 
and co-carcinogenesis, (T. J. Slaga, A. Sivak, R. K. 
Boutwell, Eds.), Raven Press, New York, (1978), pp.465-474.
Wogan, G. N.; Metabolism and Biochemical Effects of Aflatoxins
In; Aflatoxin Scientific Background Control and Implications. 
(L. A. Goldblatt, Ed.), (.1969), pp.151-186.
Wright, A. S., Akintonwa, D. A. A. and Wooder, M. F. (1977);
Studies on the interactions of dieldrin with mammalian 
liver cells at the subcellular level. Ecotox. and Env. 
Safety JL, pp. 7-16.
Wright, A. S., Potter, D., Wooder, M. F., Donninger, C. and Greenland, 
R. D. (1972)j The effects of dieldrin on subcellular structure 
and function of mammalian liver cells. Food Cosmet. Toxicol., 
10, pp.311^332.
Wynder, E. L., Hoffmann, D., McCoy, G. D., Cohen, L. A. and Reddy,
B. S.; Tumour Promotion and Co-carcinogenesis as related 
to Man and his environment. In: Carcinogenesis, Vol. 2, 
Mechanisms of Tumour Promotion and Co-carcinogenesis.
(T. J. Slaga, A. Sivak and R. K. Boutwell, Eds.), Raven 
Press, New York, (1978), pp.59-77.
